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The present volume includes selected contributions presented either orally or as posters at the 14th Conference of 
the European Society of the Colloid and Interface Society, which took place in September 2000 in Patras, Greece. The 
various contributions cover a very broad spectrum of interest both to researchers in the field of Colloid and Interface 
Science and to the industry which draws largely from the advances of scientific knowledge in colloid and interface 
science (inks, adhesives, paints, foodstuff, pharmaceuticals etc). New advances in understanding at the molecular 
level the interactions between polymers and surfactants using both modern and traditional techniques techniques are 
presented. Methods and techniques of characterization of colloidal suspensions provide a better understanding and 
extend the various and numerous practical applications of the colloidal systems. Applications of colloids in 
pharmaceutical products and in biological systems are presented, while better understanding of the behavior and of 
the measurements done in concentrated suspensions may be obtained through the models and methods presented. 

More specifically the contribution in this volume were divided in nine thematic areas: Molecular interactions in 
thin films, Polymer-Surfactant Interactions, Structure and dynamics at interfaces, Biocolloids, Colloids in 
Pharmaceutical and Biological Applications, New trends in colloid and interface science techniques. Rheology, 
Self assembly of amphiphiles and Measurements in concentrated suspensions. Although the contributions are not 
evenly distributed in these areas a balanced presentation of the state of the art is presented. 

Professor Petros G. Koutsoukos 
University of Patras 
Department of Chemical Engineering 
GR26500, Patras GREECE 
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Abstract With the classical “thin- 
film balance” apparatus, one can 
study the properties of thin soap 
films (air/water/air films). Here, we 
presenf a new version of fhat ap- 
paratus allowing us to build a single 
thin oil film horizonfally held on a 
frame and completely immersed in 
water. The frame used here is a 
glass frit: to make it suitable for 
holding oil films in wafer and to 
overcome wetting problems, we 
have developed a special surface 
treatment by silanization of the frit. 
With that device, we can directly and 
simultaneously control, change 
and measure both the film thickness 
and the disjoining pressure in these 



water/oil/water films. Related to 
structural, dynamical and stability 
issues, the range of studies and 
applications is wide with the new 
experimental configuration. We 
present experimental tests on the 
validity of the setup, also showing 
typical thickness instabilities which 
appears to be important in these 
kind of films. We also discuss 
information provided on the stabil- 
ity of thin liquid films in liquid- 
liquid extraction problems. 

Key words Thin liquid films • 
Inverse emulsion • Liquid-liquid 
extraction • Thickness instability • 
Disjoining pressure 



Introduction 

Liquid-liquid extraction techniques are used for specific 
treatments of nuclear wastes. Appropriate molecules 
can selectively extract ions from complex solutions. In 
the industrial DIAMEX process, an oil solution of an 
extractant molecule (dimethyldibutyltetradecylmalona- 
mide) is mixed with an aqueous solution containing the 
ions to extract [1]. The mixing process, creating an 
inverse emulsion (water in oil), results in the transfer of 
the ions from the aqueous phase to the oil one. The 
properties of the organic phase have recently been 
studied [1]. It turns out that it can be considered as a 
micellar solution of the extractant molecules, and that 
many features of the process can be explained through 
that picture. However, only little is known on the 
emulsion itself and on the mechanisms and dynamics of 
the transfer. Studying the stability and the properties of 
the water/oil/water (w/o/w) thin films separating two 



water droplets (where ion transfers mainly occur) is 
thus very interesting since it can provide new informa- 
tion on the emulsion microscopic structure and on the 
possible role and organization of the micelles in these 
films. Foam surfactant films have been sfudied exten- 
sively, especially wifh fhe thin-film balance (TFB) [2]. 
There are also numerous sfudies on pseudoemulsion 
films (oil/water/air films) and on emulsion films (oil/ 
waler/oil, o/w/o films) [3-8]; however, surfactanf films 
of oil in water have almost never been studied in terms 
of disjoining pressures, n (force per area unit between 
the interfaces), versus film thickness, h. Only recently, a 
study of decane and polymeric surfactant films in water 
was reported [9]. In order to investigate w/o/w films, 
and especially those involved in the liquid-liquid 
extraction DIAMEX process, we have developed a 
new version of the TFB, which allows us to control and 
change the film fhickness and fo directly measure 
disjoining pressures. 
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Adapting the classical TFB method 

The classical TFB allows the study of a single thin foam film, held 
horizontally on a support [2], The support is a glass frit, and the 
film is made inside a small hole (diameter of 1-2 mm) in the frit. 
The frit is placed in a closed box where the internal pressure can be 
increased in order to apply normal forces on the film and to change 
its thickness (measured by interferometry). The frit, acting like a 
reservoir for the film, is connected to a reference pressure by a 
capillary tube. It is thus possible to get n(h) curves as well as direct 
film observations by videomicroscopy. The main issue for adapting 
the classical TFB to make w/o/w films concerns the film holder. 
Glass frits are naturally hydrophilic; thus, if one tries to put such a 
frit full of oil in water, oil comes out of the frit and is replaced by 
water, and the experiment cannot be performed correctly. This 
technical problem is maybe one of the reasons why w/o/w films 
have not been studied so much. Our major breakthrough has been 
to develop a chemical treatment (silanization) of the frit to make it 
hydrophobic. Alkyl trichlorosilane molecules can covalently bind 
to the frit surface, making it hydrophobic via the grafted alkyl 
chains. In order to obtain the treatment inside all the frit pores, the 
silanization has to be done in the gaseous phase of the silane 
solution (using short alkyl chains, like C6 or C8) inside a sealed box 
under vacuum. This provides highly hydrophobic frits which, once 
full of oil, can be dropped in water without any problems. Other 
important improvements have been necessary in the setup: use of 
an immersion objective, installation of a suction system for 
changing the film thickness. Details can be seen in Fig. 1. Also, 
procedures have been developed, involving microsyringes, for the 
initial positioning of an oil droplet in the frit hole with water below 
and above it. 




Fig. 1 Setup for water/oil/water thin films. The glass frit became 
hydrophobic by silanization 



Results 

We first tested our setup with the same system as in 
Ref. [9]: decane (or dodecane) and ABIL EM-90 films 
in water. ABIL EM-90 is a large comb copolymer 
known for strongly stabilizing inverse emulsions. It has 
a rigid poly(dimethylsiloxane) backbone with hydro- 
phobic alkyl and hydrophilic ethylene/propylene oxide 
grafts. The molecular weight is 62,000 for the purified 
product. Note that neither the molecular weights of the 
various groups nor their distribution on the backbone 
is known. 

Highly stable films have been observed and a n{h) 
curve measured (Eig. 2). This curve is in good agreement 
with that in Ref. [9]. Note that in Ref. [9], disjoining 
pressures were not obtained directly, but via conductivity 
measurements. Here, the pressures are simply extracted 
from a manometer in the suction system. As already said 
in Ref. [9], understanding the microscopic structure 
within the film (with regard to the measured thickness) 
is not easy since the molecule structure is not well known; 
however, such measured thickness are consistent with the 
alkyl chains elongated orthogonally to the surface. With 
these films, we detected a spontaneous cyclic instability 
of the thickness (Eig. 3). The mean thickness rapidly 
decreases to around 10 nm in a few seconds, while many 
small droplets get trapped in the films (dimples). These 
dimples grow and coalesce; finally the initial thickness is 
recovered. The mechanism of this instability is not yet 
understood, but it can probably be connected to the 
observations of “cyclic dimpling” seen in direct emulsion 
films [7]; a phenomenon explained both by surfactant 
redistribution between the phases and by Marangoni 
effects. 

We also tested a smaller and simpler molecule: 
SPAN80 (monooleate sorbitan) in dodecane. This is also 




h (nm) 

Fig. 2 Disjoining pressure versus film thickness for a dodecane and 
ABIL EM-90 film in water 
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Fig. 3 Spontaneous and cyclic 
thickness instability in a dode- 
cane and ABIL EM-90 film 
in water. After step 4, the 
homogeneous film, as in step 
I, is recovered 




a well-known system for making stable inverse emulsion. 
Once again, very stables films were observed, showing a 
dynamical thinning by layers of micelles at a high 
concentration of SPAN80 and a single transition to a 
very thin black film at low concentration. Note also that 
all these w/o/w films show strong dimpling instability in 
their formation: a large amount of liquid can be trapped 
in the center of the film, inducing a nonflat film shape. 
This hydrodynamic effect means that the velocity of the 
film opening (describing how fast a droplet spread on 
another one) is much higher than the draining one within 
that film. Initial dimples also occur in foam films, but 
they usually disappear in a few seconds, while here they 
can last for minutes (and can eventually lead to the 
rupture of the films). 

Finally, we studied the dodecane and extractant films 
in water. Thin films can be formed, but whatever the 
concentration of extractant used (0.05-1 M) and the 
temperature, no stable films can be found. The films also 
show strong initial dimpling. In the case where dimples 
escape out of the film, the films reach a flat shape and 
gently thin to a typical rupture thickness of 50 nm 
(Fig. 4). Again, this rupture thickness does not seem to 
depend on the extractant concentration. However, the 
thinning dynamics depends on it and on the temperature 
(Fig. 4). Actually, the more viscous the solution, the 
slower it drains. Just before rupture and for the thinnest 
films, some darker domains in the films are often seen 
(for high extractant concentration), indicating a thick- 
ness jump owing to structuralization of micelles near the 
surface (the measured thickness of the jump roughly 



-«-T=14“C -o-T = 22°C 




Fig. 4 Thinning dynamics for a dodecane and extractant film in 
water. An increase in extractant concentration produces the same 
features as a temperature decrease 



corresponds to the calculated distance between the 
micelles. Fig. 4). 



Conclusions 

We have developed a new version of the TFB for 
studying thin oil films in water. The major improvement 
is related to the inversion of the wetting properties of 
the frit. Tests have shown that for systems, known for 
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making stable inverse emulsions, stable thin films are 
observed. This new setup is the first, to our knowledge, 
that allows the complete study of this type of film. Note 
that with this setup, we are able to visualize thin oil 
films of only a few nanometer thickness in water, while 
the refractive index of water and oil are almost identical 
and we are able to measure forces between liquid 
interfaces separated by oil. The results also show that 
for these types of films, involving liquid-liquid inter- 
faces, the film shapes can be complicated and can be 
unstable. This is different from foam films, where higher 
surface tensions make more flat surfaces. Coupling 
studies of w/o/w and o/w/o films could probably give 
new insight into the hydrophile-lipophile balance scale 



at this thin film level. Regarding the liquid-liquid 
extraction process, we have obtained new information 
on the emulsion structure. It turns out that the w/o/w 
thin films are always unstable. In this way, the ion 
transfer appears to be facilitated by continuous creation 
and destruction of interfaces and films, in order to have 
a high actual exchange surface. Thus, the important 
parameters appear to be the life time of the him and its 
typical range of thickness. Efficient extractant molecules 
should not make very stable emulsions, but should not 
make fast droplets coalescence either. Also, the typical 
thickness is that where extractant micelles get conhned 
near the interfaces, showing that the transfer can be 
enhanced by this conhnement. 
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Abstract A series of 5'-phenyl-w- 
terphenyl carboxylic acid derivatives 
with methyl, phenyl, chloro, p- 
chlorophenyl and fluoro substituents 
have been characterised as Lang- 
muir monolayers at the air/water 
interface by measuring the surface 
pressure and the electric surface 
potential upon monolayer compres- 
sion. The three-layer capacitor 
model proposed by Demchak and 
Fort [(1974) J Colloid Interface Sci 
46:191] is employed to relate the 
experimental surface potentials of 
the monolayers investigated to the 
molecular dipole moment calculated 
using semiempirical quantum meth- 
ods. The local dielectric permittivity 
in the vicinity of hydrophobic 
groups was calculated to be 4.8. By 
adopting a dielectric constant of 7.6 
in the vicinity of the hydrophilic 
groups, the contribution from the 



water reorientation was found to be 
0.15 D, very close to that estimated 
for small aromatic molecules form- 
ing Gibbs monolayers at the air/ 
water interface. 



Key words Langmuir monolayers • 
Aromatic carboxylic acids • Surface 
pressure • Electric surface poten- 
tial • Effective dipole moments 



Introduction 

Studies of monomolecular hlms at the air/water interface 
(so-called Langmuir monolayers) have mostly been 
carried out with amphiphiles that contain an apolar part 
usually comprising an alkyl (polymethylene) chain. 
Surprisingly, only little research [1,2] has been done on 
monolayers formed by purely aromatic analogues. 
However, the compounds investigated, namely /7-terphe- 
nyl derivatives, owing to their solubility in water, were 
found to be capable of monolayer formation only under 
drastic experimental conditions (on an aqueous subphase 
containing 4 M NaCl and at 4 °C). Our previous 
investigations [3, 4] have shown that the presence of at 



least four phenyl groups in the nonpolar part of the 
molecule is required for the proper hydrophilic-hydro- 
phobic balance that enables stable monolayer formation 
at the air/water interface. Since aromatic amphiphiles 
represent an unexplored gronp of film-forming com- 
pounds, we have initiated a project in which a number of 
carboxylic acids with a polyphenyl core were synthesised 
and investigated as Langmuir monolayers [4, 5]. Such 
compounds can be treated as aromatic analogues of 
alkanoic amphiphiles. Their characteristics at the air/ 
water interface, however, were found to differ signih- 
cantly from those observed for model aliphatic com- 
pounds. The pressure/area (n/A) isotherms of aromatic 
carboxylic acids exhibit a broad plateau which spans the 
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region corresponding to a decrease in area by a factor of 
about 2 [3, 4, 5, 6] and has been attributed to a gradual 
inclination of film molecules upon compression, followed 
by the formation of multilayer structures [6]. In our 
previous articles systematic studies of the basic com- 
pound, namely 5'-phenyl-l,l':3',l'-terphenyl-4-carboxy- 
lic acid (PTCA, Scheme 1, compound a,) [3, 7] and its 4' 
derivatives [5, 6] have shown that the nature (hydrophilic 
or hydrophobic) and bulkiness of the substituent influ- 
ence the monolayer properties significantly. In this work 
we have furthered our research into PTCA derivatives 
containing methyl groups (compound b) and halogen 
atoms (F and Cl) at both side phenyl rings (compounds c 
and d). The influence of the introduction of a Cl atom in 
the para position of the 4'-phenyl PTCA (4',5'-diphenyl- 
l,l':3',r-terphenyl-4-carboxylic acid, DTCA) (com- 
pounds e and f) is also studied. The experiments are 
based on surface pressure and electric surface potential 
measurements upon monolayer compression. Assuming 
the parallel plate condenser model of the interface, the 
electrical properties of the monolayers investigated 
(effective dipole moments of film-forming molecules, 
group dipole moments, as well as local dielectric 
permittivities in the vicinity of fuctional groups) have 
been calculated. 



Experimental 

Synthesis 

The synthesis procedure of PTCA (a) and its derivatives (b-e) has 
already been described [3, 4, 5, 8]. 

4'-(4-chlorophenyl)-5'-phenyl- 1 , T,3', l'-terphenyl-4carboxylic ac- 
id (Schemes 1, 2, compound f) was prepared by refluxing the 




Scheme 2 Synthetic path to /)-chloro-4',5'-diphenyl-l,T:3',l-terphe- 
nyl-4-carboxylic acid 



pyrylium salt (Scheme 2, compound I) (2.26 g, 5 mmol) and 
anhydrous sodium 4-chlorophenylacetate (3.85 g, 20 mmol) in 
acetic anhydride (15 ml) for 2 h with constant stirring. The mixture 
was cooled to room temperature. The colourless precipitate of 
sodium perchlorate and unreacted sodium 4-chlorophenylacetate 
was filtered off, washed with ethyl acetate and discarded. The 
mixture of solvents was removed under reduced pressure and the 
residue was boiled for 1 h with 40 ml 25% aqueous NaOH 
solution. The sodium salt which precipitated upon cooling for a few 
hours was separated by suction. The almost colourless salt was 
converted into an acid by treating its hot suspension in 50 ml water 
with 1:1 hydrochloric acid. The colourless product was separated, 
washed with water and dried in air. The crude acid was purified by 
boiling in acetic acid (about 30 ml) for 20 min, then recrystallized 
twice from nitromethane and dried in a vacuum (120°, 1 mm Hg). 
Yield: 0.58 g (25.2%). mp 277-278 °C. Anal, calcd for C31H21CIO2: 
C, 80.76; H, 4.60. Found: C, 80.94; H, 4.53. IR (KBr) (1/cm) 3,437, 
3,029, 2,866, 2,665, 2,540 (OH + CH); 1,694 (C = 0); 1,609 (Ar 
rings); 1,496, 1,425, 1,245. 'H NMR (CDCI3) <5 (ppm) 8.21 and 7.81 
(2d, 4H, AA'BB', /ortho = 8.2 Hz, protons of the ring with COOH 
group); 7.71 (s, 2H, protons 2' and 6'); 7.24-7.19 (m, 6H, protons 
meta and para of rings at 3' and 5'); 7.14-7.11 (m, 4H, protons 
ortho of rings at 3' and 5'); 6.98 and 6.79 (2d, 4H, AA'BB', 
7ortho = 8.4 Hz, proton of the chlorosubstituted ring). 



COOH 




Compound 


4’ 


X 


a (PTCA) 


-H 


-H 


b (methyl-PTCA) 


-H 


-CH3 


c (fluoro-PTCA) 


-H 


-F 


d (chloro-PTCA) 


-H 


-Cl 


e (DTCA) 


-CsH, 


-H 


f(4’-chloroDTCA) 




-H 



Scheme 1 Chemical structures of the compounds investigated 



Surface pressure and surface potential isotherms 

Spreading solutions for all the compounds investigated except the 
fluoro derivative (compound e) were prepared by dissolving the 
compounds in spectroscopic grade chloroform. Since the fluoro- 
substituted PTCA was found to be insoluble in pure chloroform, it 
was dissolved in a mixture of chloroform/absolute ethanol (95:5 v/ 
V %). Typical concentrations of the spreading solutions were about 
0.4-0. 5 g/1. The monolayers were spread on the subphase of 
ultrapure water, produced by a Nanopure (Infinity) water purifi- 
cation system coupled to a Milli-Q water purification system 
(resistivity of 18.2 MHcm). The subphase temperature was con- 
trolled thermostatically to within 0.10 °C by a circulating water 
system from Neslab. Monolayer studies were carried out with a 
KSV-5000 LB trough (total area of 730.5 cm^) placed on an 
antivibration table in a class 10,000 clean room. After spreading, 
the monolayers were left for 5 min for the solvent to evaporate 
prior to compression. The surface pressure of the floating 
monolayer was measured to within 0.1 mNm^' using a Wilhelmy 
plate (made of chromatography paper, ashless Whatman Chr 1) 
connected to an electrobalance. Simultaneously, the surface 
potential was recorded using a vibrating plate located about 
2 mm above the water surface. The reference electrode, made from 
platinum foil, was placed in the water subphase. The surface 
potential measurements were reproducible to ±10 mV. The 
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monolayers were usually compressed with a barrier speed of 
25 mm/min (equivalent to a compression rate of 7.5 x lO’^ A^/ 
min) unless otherwise specified. 

Apparatus 

Melting points were determined with a Mel-Temp II melting point 
apparatus in open capillaries and were not corrected. IR spectra 
were recorded using a Bruker IFS48 spectrometer as KBr pellets. 
'H NMR spectra were taken at 500.13 MHz with a Bruker 
AMX500 spectrometer using CDCI3 as a solvent and tetramethylsi- 
lane as an internal standard. Elemental analyses were performed by 
the Regional Laboratory of Physico-Chemical Analyses, Krakow. 



Results and discussion 

The 7i/^ isotherms of the aromatic carboxylic acids 
investigated (a-f) spread on 10”^ M HCl aqueous 
solution at 20 °C are shown in Figs. 1 and 2. Also 
shown are the surface potential (A V)-A isotherms, which 
will be discussed later. All the films investigated exhibit a 
characteristic transition region in the course of the n/A 




Fig. 1 Surface pressure (tt)- and surface potential (AK)-area (.4) 
isotherms of carboxylic acids 5'-phenyl-l,l':3',r-terphenyl-4-carboxy- 
lic acid (PTCA), the methyl derivative, the fluoro derivative and the 
chloro derivative on a 10^^ M HCl aqueous subphase at 20 °C; 
compression speed 25 mm/min 




Area [A^/molecule] 

Fig. 2 n-A isotherms of 4',5^-diphenyl-l,l':3',l-terphenyl-4-carboxy- 
lic acid (DTCA) and /)-chloro DTCA a on 10^^ M HCl aqueous 
subphase at 20 °C; compression speed 25 mm/min 



isotherms. While the n/A isotherm of both 4' derivatives 
(e and f) as well as the fluoro-substituted compound (c) 
resemble that of PTCA, with two liquid-condensed 
regions separated by a distinct broad plateau with an 
almost twofold decrease in the area per molecule, in the 
case of the methyl and chloro derivatives (b, d) the 
surface pressure increases gradually upon compression, 
without clear monolayer collapse. When comparing the 
n/A isotherms on acidic (10“^ M aqueous HCl) solution 
(Figs. 1, 2) to those recorded on a water subphase 
(results not shown here), the pressure lift-off is shifted 
slightly towards larger molecular areas on an acidic 
subphase only for the basic PTCA (which has been 
discussed previously [7]), while for all the other deriva- 
tives investigated the isotherms recorded on both sub- 
phases coincide within experimental error. In a set of 
systematic experiments with the substituted PTCA 
derivatives, it was observed that a change in the 
experimental conditions, such as speed of compression 
(5-100 mm/min), spreading volume (80-200 pi), time 
interval between monolayer deposition and the begin- 
ning of compression (5-30 min), does not influence 
significantly the characteristics of the monolayers. The 
change in the subphase temperature, however, has a 
profound effect on the isotherm pattern, with a decrease 
in both the onset area and the plateau surface pressure 
with the increase in the subphase temperature from 20 to 
30 °C, a trend similar to that observed for both PTCA [7] 
and its 4' derivatives [6]. 

For PTCA derivatives with substituents at both side 
phenyl rings (Fig. 1), the transition is attained at nearly 
the same surface pressure of about 25 mN/m, while for 
the unsubstituted compound (PTCA) the plateau occurs 
at a significantly lower n value. The limiting mean 
molecular areas (Aq) (obtained by extrapolating the 
surface pressure at the first liquid condensed region to 
zero value) are slightly higher for both the methyl and the 
chloro derivatives, compared to PTCA, while the value 
of Aq for the fluoro-substituted compound appears to be 
smaller. In fact, larger A„ values for the methyl and 
chloro derivatives can be expected owing to their larger 
projected cross-sectional area. However, the contracted 
area for the fluoro derivative is quite surprising since 
fluorocarbon amphiphiles, in general, are known to 
occupy a larger area on the water surface than their 
hydrocarbon analogues [9-11], possibly owing to elec- 
trostatic repulsion forces between film-forming mole- 
cules caused by the presence of strong electronegative 
fluorine substituents. Interestingly, the mean molecular 
area for p-chloro DTCA is also shifted towards smaller 
values in comparison to DTCA (Fig. 2). It is supposed 
that in these two cases the introduction of a halogen 
atom into the polyphenyl core causes the molecules to 
exhibit strong cohesion, which results in the formation of 
a more closely packed monolayer than is observed for 
their unsubstituted analogues. 







The electric surface potentials (AF) show an abrupt 
change at molecular areas larger than surface pressure 
lift-off areas (Figs. 1, 2). The surface potentials for all the 
halogen-substituted aromatic acids investigated here (c, 
d, f) show negative values upon monolayer compression, 
owing to the negative contribution from the C-Cl and C- 
F dipoles, in contrast to the methyl derivative (b) and 
DTCA (e), which exhibit positive surface potentials, 
similarly to PTCA. This leads to a most probable 
molecular orientation at the air/water interface in which 
strongly polar -COOH head groups are anchored at the 
water surface and the hydrophobic core with terminally 
attached methyl groups (b) or a phenyl ring (e) (contrib- 
uting positively to the surface potential) or halogen 
substituents (introducing large negative contribution) are 
exposed to the air. It is interesting to point out that the 
beginning of the plateau on the njA isotherms coincides 
with the maximum |AF| values. In contrast to the njA 
isotherms, the electric surface potentials show different 
values on acidic subphases and pure water (Table 1) 
owing to the double-layer potential, 'Fq, which appears 
for ionized monolayers [12] (the carboxylic acids inves- 
tigated are partially ionized on a pure water subphase of 
pH~6). 

For the comparative quantitative analysis it is useful 
to plot the effective dipole moment (/i„)-area isotherm 
together with surface pressure and electric surface 
potential data. To eliminate the double-layer contribu- 
tion, the effective dipole moments were calculated for 
monolayers spread on acidic subphases. Since the overall 
behaviour is essentially the same for all the compounds 
investigated, the effective dipole moment plotted togeth- 
er with the surface pressure and the electric surface 
potential-area isotherms are represented by the results of 
the methyl derivative (b) (Fig. 3). The effective dipole 
moment, which is the normal (with respect to the water 
surface) component of the dipole moment of the film 
molecule, was calculated from the surface potential data 
by applying the Helmholtz (parallel-plate condenser) 
model [12]. According to this approach, the effective 
dipole moment of the film-forming molecule is expressed 
by the following formula: 



Table 1 Maximum/minimum values of electric surface potentials 
for the compounds investigated spread on pure water or an acidic 
(10^^ M HCl) subphase at 20 °C 



Compound 


Extreme 

(V) 


surface potential, AF,nax/min 


Water 


10“^ M HCl 


a 


0.450 


0.545 


b 


0.540 


0.645 


c 


-0.220 


-0.130 


d 


-0.420 


-0.260 


e 


0.410 


0.560 


f 


-0.185 


-0.035 



Surface Potential, AV [V] 
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Fig. 3 n {dashed-dotted line), AF {dotted line) and effective dipole 
moment {solid line) versus area (A) isotherms of the methyl 

derivative on a 10^^ M HCl aqueous subphase at 20 °C; compression 
speed 25 mm/min 



/tn = AV • A • • Eq , (1) 

where A is the area available for a molecule in the 
monolayer and and 8 q are the dielectric constant of the 
monolayer and the permittivity of free space, respective- 
ly. In calculating the dielectric constant was taken as 
1. The effective dipole moment undergoes changes (a 
decrease for c, d, f or an increase for a, b, d) along with 
the surface potential upon compression, reaching ex- 
treme values at the same molecular area as AFmax/min is 
attained. Throughout the plateau a drastic decrease in 
/i„| is seen in all cases. It has been interpreted [6] that 
when ljUnI is a maximum, the molecules are perpendicular 
to the water surface. The decrease in |/in| during the 
plateau was attributed to the inclination of the molecules 
upon further compression, followed by the formation of 
nonmonomolecular structures [6]. The experimental 
values of the effective dipole moments, on acidic 
subphases are compiled in Table 2. They were obtained 
using Eq. (1) at the area per molecule corresponding to 
the termination of the preplateau region. If the same 
vertical orientation is assumed for the molecules at this 
area, the experimental values of the effective dipole 
moments indicate clearly that the resulting contribution 
from the hydrophobic part of the molecules is different. 

For further calculations we applied the Demchak- 
Fort model, in which the effective dipole moment is 
written as [1] 
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Table 2 Values of experimental 
and calculated dipole moments 
of the compounds investigated. 
The experimental effective 
dipole moments are 
calculated for the mean 
molecular area (column 2) 
corresponding to the 
termination of the preplateau 
region 



Compound 


Mean 

molecular 

area 

(A^/molecule) 


Experimental 
effective 
dipole moment 
(Mn""'’, D) 


Calculated dipole moment (HyperChem) (Pc-Ac, D) 


Total 

(Pt, D) 


Normal 
(/in? D) 


Parallel 
(//p, D) 


a 


43.0 


0.465 


2.90 


2.68 


1.12 


b 


40.5 


0.690 


3.20 


3.00 


1.10 


c 


35.7 


-0.111 


1.43 


-0.90 


1.10 


d 


40.5 


-0.280 


1.60 


-1.20 


1.10 


e 


52.5 


0.740 


3.09 


2.89 


0.84 


f 


37.6 


-0.035 


1.78 


-1.39 


1.11 



/tn = /ti/£i +M2/e2 + M3/e3- (2) 

In Eq. (2), is the normal (to the water surface) 
component of the dipole moment originating from the 
reorientation of water molecules in the subphase owing 
to the presence of the monolayer, fi 2 is the normal dipole 
moment of the head groups, and /t 3 is the normal dipole 
moment of the hydrophobic part of the molecule. Each 
of these dipoles is embedded in a medium with effective 
dielectric constant, 8i. 

If we assume in Eq. (2) that the contributions from the 
oriented water molecules (fri/si) and from the head - 
COOH group (^ 21 ^ 2 ) are the same for PTCA and its 
derivatives, any difference in the experimental effective 
dipole moments should be ascribed to differences in the 
contribution from the hydrophobic part of the molecule 
(/T 3 / 83 ). Obviously, a further assumption is that the head 
group orientation is the same for all compounds, which is 
reasonable for the termination of the preplateau region. 

According to the Demchak-Fort model [1], in order 
to calculate 83, one has to use pairs of Eq. (2) for 
molecules with different hydrophobic parts and identical 
hydrophilic groups. Assuming that the contribution of 
jUi /81 is the same, one may write 

(/r3-M'3)/£3 = /.7-/^7', (3) 

where the prime denotes the second compound in the pair 
used for comparison. The dipole moment contributions 
of the hydrophobic part of the molecule (fi^) were 
calculated by subtracting the normal component of the 
dipole moment of the carboxylic group from the normal 
counterpart of the dipole moment of the free molecule 
(^z), where the latter was calculated using a molecular 
modelling computer program in the AM 1 parameteriza- 
tion [13] for the free molecules in a vacuum (Table 1). 
The calculations were performed using the following 
three methods; HyperChem [14], MOPAC [15] and 



GAMESS [16] and gave consistent results. The geometry 
was optimized using a Digital workstation with the 
GAMESS program at the semiempirical AMI level, 
without any symmetry restrictions. The gradient conver- 
gence tolerance was 1 x 10”^ hartree/bohr. Assuming 
that the configuration of the carboxylic group for the 
molecules investigated is the same, the difference 
corresponds to — /r'). By solving equations of type of 
Eq. (3) for PTCA (a), its methyl derivative (b) and DTCA 
(e) in combinations with the halogen derivatives (c and d), 
the dielectric permittivity in the vicinity of the hydro- 
phobic groups, 83, was found to be 4.8. This mean value is 
close to that obtained by Demchak and Fort for p- 
terphenyl derivatives (83 = 5.3) [1]. 

For determination of the local dielectric permittivity 
in the vicinity of the hydrophilic groups, 82 , experimen- 
tal values would be required of effective dipole moments 
of molecules with the same hydrophobic part and 
different hydrophilic groups [1]. Since our previous 
attempts were not successful in forming stable mono- 
layers with head groups other than the carboxylic group 
attached to the polyphenyl core [4] we may adopt 
previously quoted values for 83 , i.e. either 7.6 [1] or 6.4 
[17, 18]. Since 83 was close to that in Ref. [1] we adopted 
7.6 for estimating the theoretical dipole moment using 
Eq. (2). The group dipole moment for the hydrophilic 
group (/ 12 ) is the same for all compounds. The normal 
component of the carboxylic group (cis conformation), 
calculated using HyperChem [14] for benzoic acid and 
then subtracting the C~H^ dipole moment (0.4 D [19]), 
is 1.733 D. The mean value for the contribution from 
reorientation of the water molecules (pi/si) was thus 
found to be 0.15 D. This value is very close to that 
obtained for a series of small aromatic molecules (/ri/ 
81 = 0.1 D) [20] forming adsorbed (Gibbs) monolayers 
at the air/water interface. 
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Metastable water films 
surfaces 



Abstract The mechanism of the 
rupture process of liquid films is not 
fully understood yet, particularly in 
the case of an asymmetric film 
between a solid surface and a gas 
bubble. There are two theoretical 
approaches describing this problem: 

- Growing fluctuation waves (spin- 
odal dewetting) on fluid interfaces 
under the influence of any kind of 
attractive force [electrostatic, van 
der Waals, and maybe a so-called 
long-range hydrophobic force 
(LRHF)]. This mechanism was 
first developed by Scheludko. 

- Nucleation inside the film first 
proposed by Derjaguin. 

Metastable wetting films on glass 
surfaces either hydrophobized by 
methylation (negatively charged) or 
with Al^^ ions positively charged 
and hydrophilic, are analyzed by film 
thinning according to the Reynolds 
law. 

These experiments demonstrate 
that 



on hydrophobic silica 



- Both mechanisms can be respon- 
sible for thin wetting film rupture; 
in the case of hydrophobic sur- 
faces, the nucleation mechanism; 
in the case of oppositely charged 
silica surfaces, the capillary waves 
mechanism due to the attractive 
electrostatic double layer force 
between silica and the air bubble. 

- The existence of a LRHF on a 
hydrophobic surface can be ex- 
cluded. The apparent interaction 
can be explained by the presence 
of gas nuclei formed on heteroge- 
neous sites. 

The results provide deeper insight 
into the mechanisms of wetting film 
stability, the adhesion process in 
flotation and droplet coalescence. 



Key words Thin liquid wetting 
Aims • Long-range hydrophobic 
force • Thin-film rupture • 
Nucleation • Capillary waves 



Introduction 

Dewetting of metastable thin liquid films from a solid 
surface has been a topic of great interest for more than 
three decades because of the crucial importance of the 
film rupture between air bubbles and solid particles in 
mineral and deinking flotation, in modern technologies 
such as polymer coatings and some other applications. 
Also from a fundamental point of view there are many 
unsolved questions concerning the interpretation of 



experimental phenomena with respect to the behavior 
predicted theoretically. 

Two different mechanisms can be responsible for the 
destabilization and rupture of the liquid film, depending 
on the nature of the solid and liquid, the degree of 
hydrophobicity, the kind of adsorption layer and its 
morphological and chemical heterogeneity. The two 
mechanisms are the growing capillary (Mandelstam) 
wave mechanism and nucleation. 
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The first mechanism is based on the instability 
against thermal fluctuations in the presence of any 
kind of attractive force which increases the amplitude 
of the fluctuation. According to the theory first 
developed by Scheludko [1] and Vrij [2], this instability 
leads to rupture of the film during its drainage. A 
particular example recently described in the literature 
[3] is the dewetting of molten gold films from fused 
silica substrates which occurs after melting with a laser 
pulse. 

The second mechanism was first proposed by Derja- 
guin and Gutop [4]. Density fluctuations inside the film in 
the vicinity of a hydrophobic solid, or tiny gas cavities at 
defects, could be the reason for the instability, but no 
kind of an attractive force is necessary. A current 
example is the rupture of polystyrene layers on silicon 
wafers [5]. 

As is well known [6], the van der Waals force in the 
chosen system, silica (or glass)/water film/air, is repul- 
sive. Because of the repulsive electrostatic disjoining 
pressure between the negatively charged air bubbles and 
the negatively charged silica surface, the sum of the 
interaction forces is also repulsive. Hence, thin water 
films on silica surfaces must be stable at the equilibrium 
thickness independently of the ionic strengths in water 

[7]. 

Owing to methylation the surface becomes strongly 
hydrophobic; however neither the charge (or potential, 
respectively) nor the Hamaker constant of the system 
is influenced significantly by methylation of the surface 
hydroxyl groups [8, 9] and, therefore, wetting films 
should remain stable upon such surfaces. Everybody 
knows, however, that no stable wetting films can exist 
on hydrophobic surfaces. In order to explain this 
discrepancy and to describe the high instability an 
additional so-called long-range hydrophobic force 
(LRHF) was postulated during the last decade 
[10, 11]. 

Another possibility to change the surface properties of 
hydrophilic silica surfaces is to change their surface 
charge to a positive value by adding AP^ cations. In this 
case, an attractive electrostatic disjoining pressure oc- 
curs. Although the surface remains nearly hydrophilic, 
thin liquid wetting films rupture at a thickness which 
depends on the range of the electrostatic attractive 
double-layer force [12]. 

We are able to demonstrate experimentally for the 
first time that water films on silica surfaces can also be 
destabilized by both mechanisms, nucleation and grow- 
ing capillary waves: When the surface is, in principle, 
hydrophilic but an attractive electrostatic double-layer 
force is present, the capillary wave fluctuation rupture 
occurs. In the case of hydrophobic surface, the nucle- 
ation is responsible for the rupture. No LRHF need to be 
introduced in order to explain the rupture on such strong 
hydrophobic surfaces. 



Experimental 

To prove the nonexistence of LRHFs during the time of thinning of 
the wetting film until its critical rupture thickness, /jcrit, we had to 
generate metastable wetting films on hydrophobic surfaces. For- 
merly, it had been proved that the heterogeneity of the hydropho- 
bic surface has a dramatic influence on the lifetime of the film and 
its /jcrit: the larger the heterogeneity, the shorter the lifetime and the 
larger /jcrit- The goal was to generate very homogeneous hydro- 
phobic surfaces. We succeeded by gaseous phase silanization of the 
silanol groups of the glass surface with hexamethyldisilazane 
(HMDS), where different reaction times lead to different hydro- 
phobicities, expressed by contact angles between 20 and 90°. 

Then, we established microscopic wetting films on these 
modified surfaces using the well-known method of Derjaguin and 
Scheludko (D-S-film balance) [13, 14]. The thickness was measured 
with time by microinterferometric means at a wavelength of 
470 nm. 

If the film is formed at a distance less than 150 nm between the 
bubble and the surface it is possible to generate a flat, parallel film 
without a central dimple. In this case the hydrodynamic equation 
of Reynolds describing the drainage can be used without restric- 
tions. The capillary pressure, P„, in the gas bubble was measured 
separately and was adjusted to 250 Pa in our experiments. 
Microscopic cover glasses made of soda lime float glass (Marienfeld 
Superior no. 1 20 x 20 mm^) were used as substrates. Their 
roughness was less than 2 nm. They were cleaned by boiling them 
in a 70/30 H 2 SO 4 /H 2 O 2 mixture prior to long rinsing under running 
Milli-Q/Plus water. 



Results 

The experimentally observed are given in Fig. 1 as 
function of the lifetime of the thin film at dilferent 
contact angles (owing to the methylation time). They are 
compared with the theoretical drainage curve calculated 
by numerically solution of the Reynolds equation. This 
equation describes the thickness, h{t), of a flat liquid film 
during its drainage under laminar flow conditions; 

1 1 4 p,-n^[h{t)] 

o o = xW s f 1 

h{t) hi 3 rjRl 

where ho is the reference thickness where the time 
measurement is started (in our case 87.8 nm), is the 
driving capillary pressure in the air bubble (250 Pa), rj is 
the liquid film viscosity, Rp is the radius of the film (in 
our experiments 90 ± 15 pva), n = A is a factor that 
depends on the mobility of the surfaces (here the air/ 
liquid interface is completely mobile, the solid surface 
completely rigid), t is the drainage time and Hx(/j) 
represents the sum of disjoining pressure, which consists 
of the electrostatic force, van der Waals interaction and, 
in some calculations, the LRHF part. 

The most amazing observations on methylated, 
hydrophobic surfaces are 

1 . The rupture takes place along the theoretical drainage 
curve for a system where only repulsive Derjaguin- 
Landau-Verwey-Overbeek forces are present, no 
kind of attractive force. 
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Fig. 1 Drainage and rupture of 
metastable flat wetting films on 
gas-phase methylated glass sur- 
face at different advancing con- 
tact angles between 20 and 90° 
realized by different reaction 
times with hexamethyldisilazane. 
Arbitrarily chosen start time at 
the film thickness of 89 nm. 
Larger rupture thickness are in- 
dicated by the arrow outside the 
coordinate system. Continuous 
tine, calculated drainage accord- 
ing to the Reynolds equation if 
only repulsive electrostatic and 
van der Waals forces are present. 
Broken lines: calculated drainage 
curves if additionally an attrac- 
tive long-range hydrophobic 
force is present (denoted accord- 
ing to different approaches) 



Aca. 500 nm 




2. The smallest observed rupture thickness corresponds 
to the equilibrium thickness to which the film could 
thin if no rupture occurred (in our model system at 
34 nm). 

3. The largest observed critical thickness is up to several 
hundred nanometers and is higher, the larger the 
degree of hydrophobicity. 

4. The lifetime depends on the degree of hydrophobicity; 
the higher the contact angle, the shorter the lifetime. 

5. High-speed video frames of hole formation and its 
expansion (Fig. 2) show that only one formed hole is 
sufficient for destabilization and dewetting of the 
whole film. Another remarkable fact is the rather 
isometric, circular expansion of the newly formed 
three-phase-contact perimeter. 

The behavior of wetting films on recharged glass 

surfaces (owing to Al^^ ions) differs unambiguously 

from that on the methylated surface: 

1. The rupture takes place simultaneously at many 
places (Fig. 4). 

2. The critical thickness is never larger than the range of 
the attractive electrostatic double-layer force, i.e. not 
larger than 90 nm under the experimental conditions. 

3. The holes do not enlarge. The pinning of the newly 
formed three-phase contact on the solid surface can 
be easily visualized by careful receding of the pressed 
air bubble by means of slow pressure degradation 
inside the bubble. 

4. The distance between the holes is remarkably con- 
stant. 

5. Although many holes are formed simultaneously, the 
whole wetting film remains stable for a long time. 



6. Such a partially ruptured film could be named a 
perforated wetting film. 



Discussion 

On the assumption that attractive LRHF would exist on 
hydrophobic surfaces, the drainage process should be 
accelerated considerably and the lifetime of the film 
could not be longer than a few seconds, depending on the 
strengths of the attractive force. In Fig. 1 three different 
approaches for LRHFs [10, 15, 16] and their accelerating 
influence on the drainage kinetics are given. It is clearly 
visible that the actual observed lifetimes are much longer. 
This demonstrates unambiguously that no LRHFs are 
present; therefore, it is evident that, in contrast to what is 
widely believed, the capillary wave mechanism cannot be 
responsible for rupture and nucleation must be the 
dominating process. 

In order to better understand the energetic balance 
during the process of forming and opening a hole, we use 
the thermodynamic theory of Sharma and Ruckenstein 
[17]. This theory does not set any preconditions for the 
mechanisms of hole formation in a wetting film upon a 
solid substrate which is characterized by its contact 
angle. According to this theory, the critical hole size 
(critical radius of the opening hole) for a given film 
thickness is reached when the free energy after formation 
of the hole is equal to the free energy of the initial state of 
the nonruptured film. Holes with a size smaller than this 
critical dimension are closing, holes with larger dimen- 
sions are opening. The necessary size of the hole for its 
opening is smaller, the larger the contact angle. Therefore 






14 




t = 0 ms 




t = 0,97 ms 




t= 1,95 ms 




t = 2,92 ms 




t = 3,90 ms 



t = 4,87 ms 




t = 5,85 ms 




t = 6,82 ms 



Fig. 2 High-speed video sequence of the rupture of an aqueous 
wetting film on methylated glass with a contact angle of 59°. Film 
diameter: 200 fim. The rupture occurs at 0.97 ms 

the probability for rupture of the thin wetting film is 
higher, the higher the degree of hydrophobicity. 

Our calculated values of the critical hole radius cover 
a range between 125 nm at a contact angle of 85° and 
275 nm at 20°. This explains very well the shorter lifetime 
at high contact angles in comparison to the long lifetime 
at low contact angles. 

We also have evidence for a nucleation mechanism 
owing to artificial heterogeneities, created either as 
domains in Langmuir-Blodgett layers [13] or as a striped 



pattern in skeletonized Langmuir-Blodgett layers [18]. 
This allows the conclusion that nucleation of holes is 
obviously based on a heterogeneous process starting at 
surface inhomogeneities. 

The question of what the process of opening of the 
hole involves still remains unanswered. 

No theories have considered the effect of dissolved gas 
yet, but at a hydrophobic interface the accumulated gas is 
significant. Effects owing to dissolved gas are explicit in 
optical cavitation and sonar cavitation experiments, for 
instance. For this reason it is very probable that the 
bridging of such nanobubbles or cavities can produce an 
effect that seems to be equal to the action of a long-range 



Fig. 3 Drainage and rupture 
of an aqueous wetting film of 
AICI 3 solution on glass at differ- 
ent KCl concentrations. Lines: 
calculated curves according to 
the Reynolds law 
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Fig. 4 Ruptured wetting film of 
electrolyte solution with 10 ^^ 
KCl and 10^“^ AICI 3 on oppo- 
sitely charged glass surfaces. The 
pinning of the three-phase con- 
tact line during removing the 
bubble on multiple holes indi- 
cates the wavelength of the crit- 
ical fluctuation 




attractive force. Similar conclusions were drawn in 
Refs. [21, 22]. If the presence of tiny (nano) gas bubbles 
or cavities is assumed to be the reason, then the observed 
rupture thickness should be of the same order as the 
critical thickness of film rupture. Recently such nano- 
bubbles were observed on atomically flat mica surfaces 
[19] and on silicon wafers [22]. They were stable and did 
not move around during imaging with the atomic force 
microscopy technique. 

The rupture on oppositely charged glass surfaces is 
remarkably different from that on a methylated surface. 
The observed critical thickness values scatter regularly 
around the calculated drainage curves for different 
electrolyte concentrations. However, the most amazing 
observation is the formation of a constant hole distance 
at the thinnest part of the film. We believe this is good 
evidence for the existence of a dominating fluctuation 
wave. In this case thermal fluctuations grow as a 
consequence of attractive electrostatic forces, leading to 
hole formations as soon as the amplitude of the 
dominating wave reaches the size of the film thickness. 
If one assumes that every trough of a wave leads with 
large probability to the formation of a hole, the distance 
between them should be scaled by the wavelength. 



According to the theory [20], this critical wavelength is 
inversely proportional to the square root of the first 
derivative of the attractive disjoining pressure with 
respect to the film thickness and is given by 




The evaluation of this relation for the given disjoining 
pressure leads to a theoretical critical wavelength, Xc, of 
approximately 25 iiva, which is of the order as the 
measured distance of the holes. We take that as very 
good evidence for the existence of the capillary wave 
mechanism. 



Conclusions 

Our experiments with thin water films on glass surfaces 
which were either homogeneously hydrophobized by gas- 
phase methylation with hexamethyldisilazane or 
oppositely charged with aluminium chloride solution 
have detected for the first time both mechanisms of 
destabilization of wetting films: nucleation and spinodal 
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Table 1 Comparison of different substrates 

Glass surface 

Methylated Oppositely charged by Al^'*' ions 



Interfacial forces (DLVO) 
Contact angle 

Thickness of rupture 
Thickness of rupture regarding 
drainage 

Lifetime of wetting film 

Number of holes 

Kinetics of dewetting 
Conclusion 



Repulsive 

20-90° (owing to degree of 
methylation) 

25- <500 nm 

In good agreement with the 
Reynolds curve 

2 (90°)- <60 s (20°), dependent 
on contact angle 

1 

Very fast (milliseconds) 
Nucleation mechanism 



Attractive 

= 20 ° 

10-90 nm 

Large scattering around the 
Reynolds curve 

1 (10^^ m KC1)-15 s (10“' m KCl), 
dependent on range of surface forces 
Several holes, hole distance in good 

accordance with critical capillary wavelength 
Slow (seconds) 

Capillary wave mechanism 



dewetting. In the case of strong hydrophobic surfaces the 
so-called LRHF could not be observed. Its existence is 
even rather questionable not only in the system investi- 
gated, but also on other hydrophobic surfaces. If the 
existence of tiny gas cavities is assumed to be the reason 
for wetting film destabilization and its rupture, then a 
further consequence is that the estimated critical thick- 
ness should be commensurable to the size of the 



nanobubbles, which are in a range between 30 nm and 
a few hundred nanometers. 

The results and conclusions for both systems are 
summarized again in Table 1. 
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Abstract High-surface-area spinels 
of the general formula MAI 2 O 4 , 
where M = Mg, Co, Ni, Cu and Zn 
have been successfully prepared at 
low temperature (600 °C) from 
precursor solutions containing the 
nitrate salts and the surfactant 
cetyltrimethylammonium bromide 
as the gelating agent. Thermal 
analysis (thermogravimetry/differ- 
ential thermogravimetry/differential 
thermal analysis) of the precursors 
dried at 100 °C showed an exothe- 
mal decomposition around 
250-260 °C and no mass loss above 
600 °C under airflow. The solids 
were heated at 600, 800 and 
1000 °C and at each step the X-ray 
diffraction spectra were obtained in 



order to check the development of 
the spinel MAI 2 O 4 crystal phase. 
For M=Mg, Co and Zn samples 
treated at 600 °C, the MgAl 204 , 
C 0 AI 2 O 4 and ZnAl 204 crystal 
phases are formed. Nitrogen po- 
rosimetry for the MAI 2 O 4 samples, 
heated at 600 °C, revealed meso- 
porous solids of specific surface 
areas from 106 fol90 m^ g~’ de- 
pending on the M cation. At 
1000 °C the MgAl 204 spinel pos- 
sesses a specific surface area of 
57 m^ g“' and ZnAl 204 has a spe- 
cific surface area of 75 m^ g“'. 

Key words Mesoporous spinels • 
High surface area • 
Cetyltrimethylammonium bromide 



Introduction 

Naturally occuring spinel minerals are found as minor 
constituents of both igneous and metamorphic rocks. The 
prototypic mineral after which the structure is named has 
the ideal formula MgAl 204 .The general formula for a 
spinel is AB 2 X 4 where A is usually a 2+ and R a 3 + 
cation, while X stands for oxygen; however this is an 
extreme stoichiometry as a great number of cations of 
various charge and size can occupy the tetrahedral and 
octahedral interstices that are formed in the close-packed 
face-centered-cubic configuration of the X anions. Typ- 
ical sizes of cations involved in the spinel structure are 
0.06 < H (nm) < 0.1 and 0.055 < 7?(nm) < 0.1. In the 
normal distribution in a binary AB 2 X 4 spinel, the twice as 
abutant B cations are located on half of the octahedral 
sites, while the A cations are found on one-eighth of the 
tetrahedral sites, always in an ordered manner. 



Spinel aluminates have gained much interest as 
supports in heterogeneous catalysis or as catalysts 
themselves (e.g. MgAl 204 as sulfur transfer catalysts) 
[1-8]. This is mainly because of their inherent properties, 
such as their chemical inertness, high thermal stability 
and mechanical resistance, and their adequate surface 
acidity compared to the conventional carriers. Further- 
more noble metals supported over aluminate spinels 
exhibit higher sintering resistance than, for example, Pt/ 
AI 2 O 3 and Pt/Si 02 systems [1]. However, in such 
applications the textural property of the solids needed 
is the high surface area and open porosity for efficient 
mass transfer. Towards this aim various preparation 
methods have been used, different from the conventional 
solid-state reaction that result in nonporous solids 
because of the sever calcination treatment that is 
required. Coprecipitation [1, 2, 5, 9, 10] and sol-gel [9, 
11, 12] methods have been applied. The latter method is 



18 



more successful, achieving spinel aluminates of increased 
dispersion. Despite the potential applicability of such 
solids as catalytic supports, reports of the synthesis of 
high-surface-area solids are limited. Furthermore, 
among studies focused on low-temperature synthesis of 
high-surface-area aluminates (mainly of Mg and Zn) no 
particular attention has been given to the thermal 
stability and the textural properties, like specific surface 
area and porosity, at elevated calcination temperatures. 
This is a very crucial point since most of the catalytic 
applications of such supports refer to high temperature 
processes. 

The present study reports a successful, simple sol-gel 
method for preparing high-surface-area aluminates with 
varying A site cations (MAI 2 O 4 , M: Mg, Co, Ni, Cu, Zn) 
at low temperature, for example, 600 °C. The structural 
properties of the materials were investigated by means of 
thermal analysis [thermogravimetry (TG) differential TG 
(DTG) differential thermal analysis (DTA)], N 2 adsopr- 
tion at 77 K (Brunauer-Emmett-Teller, BET, method) 
and powder X-ray diffraction (XRD). 



Experimental 

The preparation of the spinels took place as follows. Calculated 
amounts of the metals, in the form of nitrate salts (analytical 
grade), were dissolved in water and mixed with an equal volume of 
surfactant cetyltrimethylammonium bromide (CTAB) solution. 
The final solution had a concentration of 0.16 M metal cations 
and the ratio (moles surfactant):(gram atom of cations) was unity. 
Immediately after mixing, a transparent viscous gel was formed, 
and this dried at 100 °C. The dried precursors were treated 
thermally under ambient air up to 280 °C for 3 h, followed by a 
2 °C min^' increase in temperature up to 600, 800 and 1000 °C and 
were kept at this temperature for 4 h. 



The solids obtained were examined for their specific surface area 
(5p) and crystal structure (XRD) while small portions (about 
100 mg) of the dried precursors were tested for their thermal 
behaviour by TG/DTG/DTA techniques. Analysis took place in a 
Chyo-TRDA-3H thermal balance with simultaneous recording of 
temperature, TG, DTG and DTA. In all cases AI2O3 was used as a 
blank and the analysis took place at a heating rate 5 °C min^' 
between room temperature and 1000 °C. Phase analysis and 
crystallite size determination were performed for all the samples 
after heating at 600, 800 and 1000 °C, using a Siemens Diffract 500 
system employing Cu Ka radiation (1.5418 A). 

The S'p of the solids was determined using a Fisons Sorptomatic 
1900 volumetric adsorption-desorption apparatus, using N2 as the 
adsorbent at 77 K, by applying the BET equation. Prior to the 
determination of the adsorption-desorption isotherms, the samples 
were degassed at 250 °C under a 5 x 10^^-mbar vacuum for 10 h. 

The solids obtained are summarized in Table 1 together with 
some of their properties. 



Results and discussion 

The thermal behaviour of the solids is shown in Eig. 1 in 
terms of TG, DTG and DTA. Erom Eig. 1, it can be seen 
that the dried precursors of the spinels, containing the 
metallic cations, nitrate groups as well as CTAB, upon 
heating lose weight by an exothermal effect around 250- 
260 °C. The reaction is quite fast and with respect to the 
high nitrate loading, this effect is attributed to their 
decomposition. At the same time the carbonaceous 
species introduced by the CTAB decompose, with a 
gradual mass loss up to 600 °C. Above 600 °C no 
reaction is observed. Thus, the solids were calcined at 
600, 800 and 1000 °C for 4 h. It is notable that the 
cations Mg, Co, Ni, Cu and Zr have a different catalytic 
effect on the fast decomposition of nitrates, Cu, Ni and 
Co decrease it, while in the samples containing A1 and Zn 



Table 1 Specific surface areas 
(S'p), pore diameters (Dp) and 
the crystal phases of M-6, M-8 
and M-10 solids (M = Mg, Co, 
Ni, Cu, Zn) prepared with 
cetyltrimethylammonium 
bromide as surfactant and 
heated at the temperatures 
indicated 



Sample 


Composition 


Calcination 

temperature 

(°C) 


■S'p 

(m" g"') 


(nm) 


Crystal phases 
(X-ray diffraction) 


Mg-6 


Mg/Al = 1/2 


600 


190 


8.0 


MgAl204 


Mg-8 


Mg/Al = 1/2 


800 


139 


8.2 


MgAl204 


Mg- 10 


Mg/Al = 1/2 


1000 


57 


16.8 


MgAl204 


Ni-6 


Ni/Al = 1/2 


600 


157 


4.0 


NiO, NiAl204’’ 


Ni-8 


Ni/Al = 1/2 


800 


108 


4.4 


NiO, NiAl204’’ 


Ni-10 


Ni/Al = 1/2 


1000 


32 


- 


NiAl204, NiO 


Cu-6 


Cu/Al = 1/2 


600 


112 


5.7 


CuO, CUAI2O4'’ 


Cu-8 


Cu/Al = 1/2 


800 


21 


- 


CUAI2O4, CuO’’ 


Cu-10 


Cu/Al = 1/2 


1000 


5 


- 


CUAI2O4, CuO’’ 


Co-6 


Co/Al = 1/2 


600 


106 


5.2 


C0AI2O4 


Co-8 


Co/Al = 1/2 


800 


65 


5.5 


C0AI2O4 


Co- 10 


Co/Al = 1/2 


1000 


10 


- 


C0AI2O4 


Zn-6 


Zn/Al = 1/2 


600 


169 


5.9 


ZnAl204 


Zn-8 


Zn/Al = 1/2 


800 


144 


6.6 


ZnAl204 


Zn-10 


Zn/Al = 1/2 


1000 


75 


6.7 


ZnAl204 



“ Maximum in the pore size distribution 
’’In traces 
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TO nTO DTA 




Temperature ("C) Temperature (“C) Temperature (“C) 



Fig. 1 Thermogravimetry (7’G)/differential TG (Z)7’G)/differential 
thermal analysis {DTA) curves for the M/Al-cetyltrimethylammoni- 
um bromide precursors (M=Mg, Co, Ni, Cu, Zn) 



the decomposition takes place at higher temperatures 
(see DTG) and in a smoother mode (see DTA). 

The development of the crystal phases was followed 
by XRD at each calcination temperature, as shown in 
Fig. 2. At 600 °C the Mg-, Co- and Zn-containing 
samples have already developed MgAl 204 , C 0 AI 2 O 4 
and ZnAl 204 spinel phases, respectively. At the same 
time, these solids exhibit high surface areas (Table 1) and 
a porous network was built in the mesopore region, as 
revealed by the N 2 adsorption studies and the corre- 
sponding pore size distribution (Fig. 3). The Cu and Ni 
samples treated at 600 °C are also mesoporous solids of 
high surface area but the latter develops the NiAl 204 
phase only after severe calcination at 1000 °C. Still, at 
this temperature the spinel phase coexists with significant 
amounts of the NiO phase, while the Cu-containing solid 
exhibits significant CUAI 2 O 4 crystallization at 800 °C. At 

Fig. 2 X-ray diffraction patterns of M-6, M-8 and M-10 solids 
(M=Mg, Co, Ni, Cu, Zn) heated at the temperatures indicated 
(spinel crystal phase, circles) 







20 



Fig. 3 Adsorption-desorption 
isotherms (N 2 77 K) and the 
corresponding pore size distri- 
butions of M-6, M-8 and M-10 
solids (M=Mg, Co, Ni, Cu, 
Zn) heated at the temperatures 
indicate 




the same time it suffers sintering, which diminishes its 5”p 
(Table 1). From Fig. 3 and the results shown in Table 1 
it is clear that all the solids suffer sintering but each to a 
different degree. Mg and Zn aluminates are the most 
thermally stable, maintaining their internal porosity to a 
satisfactory degree after calcination at 1000 °C, 
57 m^ g“' and 75 m^ g“', respectively. A comparison is 
made in Tables 2 and 3 between the Mg and Zn 
aluminates prepared by the present method and same 
aluminates prepared by different methods reported in 
literature. The comparison is made with the best cases in 
literature by means of Sp and calcination temperature. 



For MgAl 204 the best result concerns the preparation 
at 600 °C using an alkoxide sol-gel method of mesopor- 
ous spinel with a mean pore diameter Dp= 14 nm and a 
surface area of 250 m^ g“' [12]. Unfortunately there is no 
data available concerning its thermal stability. This result 
is followed by the spinel prepared in the present study 
(Mg-6) treated at the same temperature, with 
5p= 190 m^ g“^ and Z)p=8.0nm. Among MgAl 204 
solids treated or prepared at higher temperature (e.g. 
800 °C), which is more realistic if such solids are to be 
used as catalytic supports, the Mg-8 sample is the best 
case together with a commercial one with 
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Table 2 Comparison of textural properties of MgAl204 solids. 
Coprecipitation (C-P) commercial spinel (Com) sol-gel (alkoxides) 
(S-G/a) sol-gel (surfactant) (S-G/s) 



Calcination 

temperature 

(°C) 


Method 


Sp (m^/g) 


Refs. 


900 


C-P 


115 


[2] 


1100 




43 




800 


C-P 


129 


[5] 


800 


Com 


140 


[4] 


1000 




36 




600 


S-G/a 


250 


[12] 


600 


S-G/s 


190 


This work 


800 




139 


This work 


1000 




57 


This work 



Table 3 Comparison of textural properties of ZnAl204 solids. Wet- 
mixing and solid-state reaction (WMs-s) 



Calcination 

temperature 

(°C) 


Method 


5"p (m^/g) 


Refs. 


800 


C-P 


20 


[1] 


800 


C-P 


20 


[9] 


800 


S-G/a 


50 




1000 


WMs-s 


22 




300 


C-P 


340 


[10] 


500 


S-G/a 
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Sp= 140 [4]. However, the surface area of the 

latter drops to 36 g“' at 1000 °C, while for Mg- 10 it is 

57 g~ . Notable is the case of a MgAl 204 solid 
prepared by a coprecipitation method with significant 
surface area at 1100 °C of 43 g“^ [2]. 

In the case of ZnAl 204 a very high surface area solid is 
reported prepared by precipitation and hydrothermal 
treatment at 300 °C, resulting in a microporous spinel of 



340 m^ g“'and Dp—\.\ nm [10]. This is indeed a very 
low temperature synthesis but no surface area was 
checked after higher temperature treatments that are 
required for catalytic support materials. A Zn aluminate 
was formed at low temperature (500 °C) by alkoxides 
with ^=126 m^ g“' and this value is lower than the 
169 m^g“' of the Zn -6 sample prepared in the present 
study at 600 °C. This is a remarkable sample since even 
at 800 °C the spinel formed has a surface area of 
144 m^ g“' and at 1000 °C the surface area remains at 
75 m^ g“', which is the highest surface area reported so 
far. The next best case is a material of 50 m^ g“' at 
800 °C and only 20 m^ g“' at 1000 °C prepared by a sol- 
gel method and wet-mixing, respectively. Taking into 
consideration the open porosity that allows easy diffu- 
sion of molecules this is a promising support for high- 
temperature catalytic processes such as light hydrocar- 
bon combustion, the oxidation/reduction of pollutants 
from stationary or mobile sources or other similar 
applications. 



Conclusions 

A simple sol-gel templating method was developed and 
was successfully applied resulting in low-temperature 
formation (at 600 °C) of MgAl 204 , C 0 AI 2 O 4 and 
ZnAl 204 high-surface-area mesoporous spinels. The 
method was not successful for low-temperature CUAI 2 O 4 
or NiAl 204 formation. 

The porosity of Mg and Zn aluminates is still 
maintained after heat treatment at 1000 °C. In the case 
of ZnAl 204 material, 75 m^ g“' at 1000 °C is one of the 
highest surface areas reported in the literature for this 
spinel. 

The shape of the adsorption desorption isotherms and 
the pore size distribution revealed a random mesoporous 
network thermally stable up to 1000 °C for Mg and Zn 
aluminates. 
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Abstract A study of monolayer 
mixing behaviour in binary d,l- 
dipalmitoyl phosphatidylcholine/ 
3-monopalmitoyl glycerol mixtures 
was undertaken. For this purpose, 
the isotherms of surface pressure 
versus molecular area were 
acquired at four different tempera- 



tures and a surface thermodynamic 
analysis was applied to these 
isotherms. 
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Introduction 

The study of mixed monolayers is of particular impor- 
tance because it makes it possible to gain knowledge 
about the interactions between the monolayer com- 
pounds. It provides information about the molecular 
orientation of the amphiphilic molecules at the interfaces 
and about their compatibility [1]. It also enables the 
prediction of the properties of more complex aggregates 
by the study of molecular interactions in such simple 
systems. These two-dimensional systems are of particular 
importance both from the point of view of applications 
and as useful models of biological membranes. In 
particular, the two-dimensional miscibility among dif- 
ferent components is important in defining the interac- 
tions in membrane models [2-A], It is well known that 
biological membranes are made up of bilayers of lipidic 
compounds in which the other components, such as 
proteins and enzymes, are immersed or bound to the two 
interfaces. 

The aim of this work was to study molecular 
interactions and characteristics of the monolayers 
formed by lipids. We studied the behaviour of two lipids; 
D,L-dipalmitoyl phosphatidylcholine (DPPC) and 
3-monopalmitoyl glycerol (PG) and also their mixtures, 
at different molar ratios, at the water-air interface under 
diverse temperature conditions. For this purpose the 
isotherms of surface pressure versus molecular area were 
recorded using a Langmuir film balance. Then, a classical 



surface chemistry thermodynamic analysis was per- 
formed on these isotherms, which involved calculating 
the excess free energies of mixing to determine the 
miscibility properties of these two compounds. 



Experimental 

DPPC and PG were obtained from Sigma-Afdrich. The spreading 
soivent was chloroform (distilled before using) from POCH, 
Poland. Water was distilled four times. Separate stock solutions 
of DPPC and PG were prepared in chloroform. Solutions of the 
mixtures were prepared by mixing precisely measured volumes of 
DPPC and PG. 

Surface pressure-area (tt-T) isotherm measurements were 
carried out using a KSV 1000 system (KSV Instruments, Helsinki) 
with an accuracy of 0.01 mN/m and 0.01 per molecule for the 
surface pressure and area, respectively. The subphase surface was 
cleaned repeatedly by sweeping the barriers slowly between the 
maximum and minimum area positions and aspirating the surface 
until no change in surface pressure was detectable between the 
“open” and “closed” positions. The experiments were performed at 
four temperatures: 20, 25, 30 and 35 °C. The subphase temperature 
was controlled thermostatically to within 0.1 °C by circulating 
water. For the n-A isotherm experiments, precisely measured 
volumes of the respective solution were spread on the water 
surface, using an Hamilton microlitre syringe. As a standard 
procedure, the monolayers were rested for 20 min before compres- 
sion to allow sufficient solvent evaporation. A speed of compres- 
sion of 6 mm/min was used. Below this compression rate no 
difference in the n-A isotherm was observed - this was therefore 
considered to be slow enough that the n-A isotherm obtained 
represented the “equilibrium” isotherm. Each isotherm was 
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measured at least twice. The same procedures were adopted for the 
pure components and for their mixtures. 



Results 

The ti-A isotherms of the system DPPC and PG at 20, 
25, 30 and 35 °C are shown in Fig. 1. It can be seen that 
the shape of the isotherms is affected by the temperature 
of the subphase. With increasing temperature, the 
isotherms become progressively more expanded. All 
the curves of the mixed systems are included between 
the pure systems in a regular sequence of mole fraction of 
one component in the binary mixture. The addition of 
PG shifts the isotherms of pure DPPC to progressively 
lower mean molecular areas. This contraction is due to 
the lower area occupied by the PG molecule. 

Information on the mutual miscibility of the two 
components in the two-dimensional state at the water-air 
interface may be obtained from the change in surface 
area as a function of molar ratio at constant surface 
pressure. If the two components are immiscible or if they 
behave like an ideal mixture, the following relationship is 
valid [5]: 

Ai 2 ^xiAi +X 2 A 2 , ( 1 ) 

where A 12 is the molecular area in the mixed monolayer 
at the fixed surface pressure, n, Aj and A 2 are the 
molecular areas in the pure component monolayer at the 
same n and xi and X 2 are the molar or weight fractions of 
the pure components in the mixture such that 

Xi + X2 = 1 . 



The molecular areas obtained from the spreading 
isotherms as a function of monolayer composition are 
reported in Fig. 2. It is readily evident from Fig. 2 that 
we observed two-dimensional miscibility. Moreover, 
negative deviations from ideality indicate that the 
compounds in the two-dimensional state experience 
mainly attractive interactions. 

The miscibility of the two components at all molar 
ratios was confirmed by applying the two-dimensional 
phase rule, since the collapse pressure, tIcoh, varied with 
the composition of the mixtures, as can be seen from 
Fig. 1. 

Once the miscibility of DPPC and PG was ascer- 
tained, we considered a thermodynamic analysis to be 
possible and useful; hence, we determined the excess free 
energy of mixing, AG^mix, following the Goodrich 
method [6] by integrating the n-A isotherms up to 
71 lower than the discontinuity surface pressure. 




- XiAi - X2A2)dn , 



( 2 ) 



where 711 and 712 are two fixed surface pressures and Aa is 
the Avogadro number. 

The enthalpic and entropic contribntions to the excess 
Gibbs energy of mixing were calculated according to the 
Bacon and Barnes method [7], i.e. 






l^ dAGC 

V dr 



^mix 




( 3 ) 



Fig. 1 n-A isotherms of d,l- 
dipalmitoyl phosphatidylcho- 
line (Z)PPC)/3-monopalmitoyl 
glycerol (PG) system on water 
at 20, 25, 30 and 35 °C 
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Fig. 2 Surface areas as a func- 
tion of molar fractions 
of DPPC, at 71 = 5, 20 and 
40 mN/m 



Fig. 3 Excess free energy of 
mixing of the DPPC/PG system 
as a function of molar fractions 
of DPPC, at 71 = 5, 20 and 
40 mN/m 






where 






^mix — 


An-xiAi -X 2 A 2 , 




d? _ 

dr 


-0.154 mN/m/K, 




mix 


AG^ +TAS^- . 

mix ' mix 


(4) 



The plot of AG^mix versus the molar ratio (Fig. 3) 
shows that the free energy of mixing differs from zero, 



thus indicating a reciprocal nonideal miscibility and the 
existence of interactions between the components. 
AG^mix always showed negative values, meaning that 
the monolayers of the mixtures were thermodynamically 
stable and that the attractive interactions between the 
components prevailed. Moreover the presence of minima 
of the AG^mix function in the range of molar ratios of 
DPPCiPG from 2:3 to 3:2 offer dehnitive proof for the 
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higher thermodynamic stability of the approximately 
equimolar mixtures. 

Detailed results of the calculation of the excess 
entropy and enthalpy of mixing, and A//^mix, 

for the binary mixture studied, at four temperatures, are 



presented in Figs. 4 and 5. The trends of AA^^ix and 
AFf^mix versuss the molar ratio exhibit negative minima 
at lower temperatures and positive maxima at higher 
temperatures; that means that the two-dimensional 
miscibility between the components is due to enthalpic 



Fig. 4 Excess entropy of mix- 
ing of the DPPC/PG system as 
a function of molar fractions 
of DPPC, at H = 5, 20 and 
40 mN/m 




Fig. 5 Excess enthalpy of 
mixing of the DPPC/PG system 
as a function of molar fractions 
of DPPC, at rc = 5, 20 and 
40 mN/m 
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factors at lower temperatures and to entropic factors at 
higher temperatures. In particular positive values of 
Ao mix at higher temperatures mean that the higher 
temperature introduces disorder in the monolayer. 



Conclusion 

A study of monolayer mixing behaviour in binary lipid 
mixtures of DPPC and PG was undertaken. The two- 
dimensional miscibility between these two components 
was verified in the 20-35 °C temperature range at all 
surface pressures. We observed negative deviations 



from ideality for the surface free energy of mixing as 
a function of the composition. These results indicate 
that the monolayers of mixtures (in particular of the 
equimolar composition) were thermodynamically more 
stable than the monolayers of the pure compounds. 
The negative deviations from ideality for the mean 
molecular areas and for the surface free energy of 
mixing as a function of molar fractions means that the 
compounds form aggregates of a more closely packed 
structure and that there are mainly attractive interac- 
tions in the monolayer, favoured for enthalpic reasons 
at lower temperatures and for entropic reasons at 
higher temperatures. 
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Abstract Europium ions were dis- 
persed in reverse micellar solutions 
of bis(2-ethylhexyl) sulfosuccinate 
(AOT) in chloroform and then thin 
films were obtained by the dip- 
coating method. Stabilization of the 
films was achieved in the presence of 
poly(methyl methacrylate) 

(PMMA). The photophysical be- 
havior of Eu^^ in these composite 
organic films was studied. It was 
found that the combination of AOT 
with PMMA results in efficient dis- 
persion of Eu^ ^ , a decrease of 



concentration quenching and en- 
hancement of weak radiative transi- 
tions, particularly, of the emission 
corresponding to the 
transition at 538 nm. The impor- 
tance of the relative polymer and 
surfactant concentrations as well as 
some other factors affecting Eu^^ 
emission are discussed. 

Key words Poly(methyl 
methacrylate) • Bis(2-ethylhexyl) 
sulfosuccinate sodium salt 
Film -Europeum • Luminescence 



Introduction 

The luminescence emission of lanthanide ions is being 
studied with a lot of interest because of their narrow- 
band emission spectra and their long decay times. This 
makes them valuable sources of visible and near-IR 
radiation, some of them being particularly important 
for lasers and optical communication devices [1]. 
However, the radiative transitions of lanthanide ions 
are sensitive to their chemical microenvironment. Thus, 
their luminescence is quenched owing to coupling with 
vibrations of the host matrix. For this reason, a lot of 
effort has been made to improve the emission capacity 
by employing several different approaches [2-8]. Emis- 
sion from the upper, D j, to the lower, F j, energy level 
in Eu^^ is particularly sensitive to the microenviron- 
ment, especially, in oxide host matrices. Indeed, strong 
coupling with OH groups and limited solubility, leading 
to aggregation of Eu^ ^ , has a destructive effect on most 
emission bands, allowing only some weak red emission 
[4]. Improvement of red emission has recently been 
achieved in the presence of polymer subphases embed- 
ded in a silica matrix [5]. In the present work, we 



employed a combination of a reverse-micelle-forming 
surfactant with a matrix-forming polymer in thin film 
configuration to obtain an enhancement of Eu^ ^ weak 
transitions, particularly, of the emission band 

at 538 nm. 



Materials and methods 

Polyfmethyl methacrylate) (PMMA, M„= 1.2x10^, Aldrich), 
bis(2-ethylhexyl)sulfosuccinate sodium salt (AOT, Fluka), europi- 
um(III) chloride hexahydrate (Aldrich) and chloroform (Aldrich) 
were used as received. Millipore water was used in all the 
experiments. Different amounts of AOT were dissolved in chloro- 
form in the presence of PMMA, then a certain amount of EuCfi 
aqueous solution was added. At the beginning the solution was 
turbid, but after 2 h of stirring it became clear. Films were 
deposited on clean glass slides under ambient conditions by the dip- 
coating method. The withdrawal speed was 44 mm/min in all cases. 
The films were dried in air. 

Fluorescence spectra were measured with a home-assembled 
apparatus, consisting of a 150-W xenon lamp and computer-driven 
monochromators and detection system. All parts and software were 
purchased from Oriel Instruments. All measurements were carried 
out at room temperature under ambient conditions. 
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Results and discussion 

Reverse micelles of AOT in chloroform [9] were made 
using 0.2 M AOT and 1 M water. This molar ratio of 
water/surfactant (i.e. w = 5) was first kept constant. It is 
well established that for w up to about 10, all the water 
present in solution is used up to hydrate AOT polar 
groups and it is attached on the surfactant by strong 
forces. PMMA was introduced into the solution before 
water addition as a stabilizer of the ensuing films on glass 
supports. Eu^^ was introduced by solubilization in the 
water used to make the original solution. Even though 
clear reverse micellar solutions can be readily obtained 
with most solvents in the absence of europium, in its 
presence Eu^^ apparently forms large complexes with 
the oppositely charged AOT, with a tendency to 
precipitate. Nevertheless, persistent stirring when 
PMMA is present results in the clusters redissolving 
and produces a transparent microheterogeneous system. 
Eilms were then obtained by simply dipping substrates in 
the clear solutions. The data presented later refer to films. 

When excited at 396 nm, two emission peaks were 
observed, situated around 538 and 645 nm, correspond- 
ing to the and ^Dq^^F 3 transitions respectively 

[3]. Both peaks are shown in Fig. 1. The excitation 




Wavelength(nm) 

Fig. 1 Effect of poly(methyl methacrylate) {PMMA) on the fluores- 
cence spectra of Eu^ ^ -doped thin Aims. The PMMA concentration in 
chloroform was a 1 g/1, h 3 g/1, c 5 g/1 and d 12 g/1. The molar ratio of 
H 2 O/ bis(2-ethylhexyl)sulfosuccinate sodium salt (AOT) was 5 and the 
Eu^^ concentration was 1.8 x 10^^ M. The spectra were normalized 
to the emission peak at 645 nm 



spectrum (not shown) was identical for both peaks, with 
a maximum at 396 nm. We observed that by increasing 
the polymer concentration, a dramatic enhancement of 
the ^Di^^Fi emission is obtained (Fig. 1). In contrast, 
by increasing the Eu^^ concentration, the ratio of the 
to the ^Do^^p 3 emission intensity decreases. It 
is known that the Eu^^ concentration significantly 
affects the upper luminescence emission [3, 10, 11] 
owing to concentration-quenching. Good dispersion of 
these ions in a matrix enhances the emission. Indeed, as 
seen in Fig. 2, where the relative intensities of the 
and ^Dq^^F 3 transitions versus the PMMA 
or Eu^^ concentration are compared, higher polymer 
concentration or lower Eu^ ^ concentration gives higher 
538 nm intensities. Figure 2 shows that the highest Eu^^ 
concentration above which a large decrease in the 538- 
nm band intensity is observed corresponds to about 
10”^ M (as measured in the original solution). This value 
coincides with that obtained by Dejneka et al. [3] in 
fluoride glass and it corresponds to an average Eu-Eu 
separation of about 40 A. It is obvious that the presence 
of PMMA has a double beneficial effect; it stabilizes the 
surfactant films and it induces a dispersion of Eu^ ^ ions, 
thus preventing concentration-quenching. At high 
PMMA concentration, where the dispersion of ions is 
most efficient, the decrease in concentration-quenching 
allows the appearance of more transitions and of a rich 
fine structure, as seen in Fig. 3. Combination of PMMA 
with AOT is very successful for dispersing lanthanide 
ions. Complexation of this anionic surfactant with 
cations and facile dissolution in the polymer hydropho- 
bic matrix allows effective dispersion. 




PMMA concentration(mg/mL) 

Fig. 2 Relative D 1 -F 1 /D 0 -F 3 emission intensity as a function of 
PMMA and Eu^ ^ concentration. The molar ratio of H 2 O/AOT was 5 
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Fig. 3 Fluorescence spectrum of Eu^^ -doped thin films with high 
PMMA concentration (30 g/1). The molar ratio of H2O/AOT was 5 

The size of the reverse micelles did not have any effect 
on the luminescence emission. By varying, for example, 
the water/surfactant molar ratio within the range 
3 < IV < 10, i.e. below the water-pool-forming regime, no 
effect on the luminescence emission was observed. An 



increase in w presumably means an increase in the size of 
the reverse micelles [12]. Of course, the size of the reverse 
micelles is expected to be substantially modihed in the 
presence of the polymer chains, while strong complex- 
ation with ions at this low water regime is expected to 
further affect the size of the micelles. At higher water 
content, no coordination between polymer and surfac- 
tant is observed and their mixture remains turbid. 
Apparently, no reverse micelles, in the strict meaning of 
the term, are preserved in the final component mixture. 
The solution, most probably contains polymer chains 
with ions and hydrated surfactant organized in 

aggregates associated with the polymer chains. This 
structure is transferred into the film, possibly, without 
important modihcations. 



Conclusion 

Complex formation between Eu^ ^ ions and the hydrated 
anionic surfactant AOT allows a fine dispersion of the 
ions in a PMMA/AOT thin-hlm matrix. Such a disper- 
sion is facilitated by hydrophobic interaction between the 
polymer chains and the AOT/Eu^^ complex. As a result 
of dispersion, concentration-quenching is decreased, the 
transition is greatly enhanced and fine struc- 
ture in the emission spectrum is observed. 

Acknowledgements We acknowledge financial aid from the pro- 
gram nENEA of the Greek General Secretariat of Research and 
Technology. 
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Abstract A short review is given on 
recent progress which we achieved in 
the characterization of condensed 
monolayer phases induced by the 
adsorption of amphiphilic species 
(surfactants, proteins). The combi- 
nation of surface pressure adsorp- 
tion kinetics, Brewster-angle 
microscopy and X-ray diffraction at 
grazing incidence is the highly 
effective experimental basis of these 
investigations. At the beginning, a 
tailored amphiphile was used to be 
sure that artefacts caused by highly 
surface active trace components 
were avoided. So far, a first-order 



phase transition has been found in 
adsorbed monolayers of numerous 
other surfactants and systems. Var- 
ious types of 2D modifications have 
been identified. A first-order phase 
transition can also be induced by the 
coadsorption of two surfactants and 
by the penetration of soluble sur- 
factants into gaseous Langmuir 
monolayers. 
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Introduction 

Rapid progress in the understanding of the molecular 
organisation of condensed monolayer phases has been 
made in the last decade. In particular, Brewster-angle 
microscopy (BAM) [1,2] and synchrotron X-ray diffrac- 
tion at grazing incidence (GIXD) [3, 4] provide powerful 
methods for characterising 2D condensed phases. In 
1996, we provided the first direct evidence that a first- 
order main phase transition can also occur in adsorbed 
monolayers [5, 6]. The recent progress which we achieved 
in the characterisation of condensed monolayer phases 
induced by the adsorption of ampliphilic species (surfac- 
tants, proteins) is given in this short review. We provide 
evidence that condensed monolayer phases can be 
formed not only by the adsorption of surfactants but 
also by the coadsorption of two dissolved surface-active 
species or can be induced by the adsorption of dissolved 
amphiphiies into Langmuir monolayers in the gaseous 
state. 



Experimental 

Materials 

The purity of dodecanol (Fluka, puriss.) distilled twice was 99.5% 
or greater, as analysed by gel permeation chromotography. Sodium 
dodecyl sulfate (SDS) was prepared and purified as described 
previously [7]. The purity of the amphiphile A^-dodecyl-y-hydrox- 
ybutyric acid amide (DHBAA) synthesised and purified according 
to Ref [6] was 99% or greater. Dipalmitoyl phosphatidylcholine 
(DPPC) (99% or greater purity) and bovine /i-lactoglobulin were 
obtained from Sigma. Chloroform (p.a. grade) purchased from 
Baker, Holland, was used as a spreading solvent for DPPC. The 
water was made ultrapure using a Millipore desktop unit. 

Methods 

The best possibility for studying first-order phase transitions 
induced by adsorbed amphiphiies is the coupling of the n{t) 
adsorption kinetics {tv. surface pressure, /: time), BAM and GIXD 
[8, 9]. The Ti(t) adsorption kinetics of the amphiphiies dissolved in 
the aqueous subphase and the ti-A isotherms of the amphiphiies 
spread at the surface were recorded with a computer-interfaced film 
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balance using the Wilhelmy method [6], The penetration experi- 
ments of dissolved amphiphiles into Langmuir monolayers were 
performed by using the sweeping technique [10], 



Results and discussion 

On the basis of the results of a tailored amphiphile [5, 6] 
it has been found that the first-order phase transition is 
thermodynamically indicated by a break point in the 
continuous course of the n(t) adsorption kinetics. The 
concentration of the dissolved amphiphile and the 
temperature of the aqueous solution determine largely 
whether and after what time the phase transition 
occurs. 

A first-order transition can also be found in adsorbed 
monolayers of other amphiphiles dissolved in water, even 
for the model surfactant dodecanol. The dotted line in 
Fig. 1 shows the n(t) adsorption kinetics of a 12 /rM 
dodecanol solution at 15 °C. The characteristic break 
point in the dynamic surface tension curve indicates a 
main phase transition in the adsorbed monolayer. Up to 
the break point the surface pressure increases rather fast 
and the adsorbed material should be homogeneously 
distributed in a fluid state. After the break point the 
pressure increase is at first comparatively small. BAM 
studies have shown that after the phase-transition point 
condensed-phase domains surrounded by a homoge- 
neous fluidlike phase are formed. The BAM results of 
dodecanol monolayers are described in more detail 
elsewhere [11]. Afterwards there follows a period with a 
steeper pressure increase, finally approximating the 
equilibrium pressure. In this region the portion of the 




Fig. 1 Dynamic surface tension of aqueous solutions of 12 pM 
dodecanol solutions {dotted line) and mixed 3 mM SDS/12 fiM 
dodecanol solutions; 15 °C 



condensed phase increases and in the equilibrium state 
the adsorbed layer consists completely of condensed 
phase [1 1]. 

Fundamental differences in the adsorption properties 
were found for the model surfactant SDS. The adsorbed 
layer of highly purified SDS does not show a phase 
transition even above the critical micelle concentration 
and at low temperatures so condensed-phase domains 
cannot be formed. This provides good preconditions for 
the study of the coadsorption of SDS and dodecanol in 
trace amounts from aqueous solutions. The solid line in 
Fig. 1 represents the adsorption kinetics of the 3 mM 
SDS and 12 ^uM dodecanol mixed aqueous solution, i.e. 
the SDS solution contains only 0.4 mol% dodecanol. 
The adsorption kinetics of the 0.3 mM SDS solution is 
obviously so fast that the transient recorded begins at 
higher surface pressures than the corresponding equilib- 
rium pressure. Then dodecanol adsorption increases and 
the shape of the transient recorded is similar to that of the 
pure dodecanol solution of the same concentration, but 
shifted to much higher surface pressure values; however 
the phase-transition point is reached at an essentially 
shorter time just as the equilibrium adsorption. The small 
dodecanol traces in the SDS main component obviously 
cause a phase transition of first-order. The development 
of condensed-phase domains during the adsorption 
kinetics is demonstrated in Fig. 2. Condensed-phase 
domains, very similar in shape to those observable at the 
adsorption of pure dodecanol, are formed in the region 
after the thermodynamic phase-transition point. They 
grow with time, coalesce with each other and finally form 
a nearly complete coverage of the surface. This similarity 
of the condensed-phase patterns to those of pure 
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Fig. 2 Typical Brewster-angle microscopy {BAM) images for two 
selected stages during the n{t) adsorption kinetics after the phase 
transition point; 5 °C; image size: 325 fim x 325 fan 
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Fig. 3 Domain textures of adsorbed A^-dodecyl-y-hydroxybutyric acid 
amide monolayers characteristic for the two modifications formed at 
r < 10 °C and T > 10 °C 



dodecanol systems indicates that the condensed phase 
consists only of a pure dodecanol phase, which increas- 
ingly replaces the adsorbed SDS molecules. GIXD 
measurements very recently performed provide final 
evidence that the condensed phase indeed consists only 
of dodecanol. Consequently during the coadsorption 
kinetics of SDS and dodecanol the properties of the 
mixed monolayer are increasingly determined by the 
highly surface active trace component dodecanol. 

The BAM experiments have shown that, depending 
on temperature, the condensed-phase domains of ad- 
sorbed monolayers can occur in different modifications. 
In the case of adsorbed DHBAA monolayers two 
different types of condensed-phase textures were ob- 
served at temperatures above and below 10 °C (Fig. 3). 
As can be seen, the DHBAA domains have one main 
growth axis and two additional growth directions at 
temperatures of 10 °C or lower. The main axis forms an 
obtuse angle of about 150° with each of the homoge- 
neously reflecting growth directions; these have an acute 
intersection angle of about 60° with each other. 
The bisector of the main growth direction subdivides 
the domain into two sections of different brightness. The 
analysis of this fact and the defect lines along the bisector 
suggest an azimuthal tilt direction of the molecules 
parallel to the homogeneously reflecting growth axes. 

At temperatures of 10 °C and above, homogeneously 
reflecting domain textures are formed having four main 
growth directions with intersection angles of 60 and 120°. 
The homogeneous reflectivity indicates the same azi- 
muthal molecule orientation over the whole domain. 

First experimental evidence has been provided that 
the penetration of dissolved surfactants and proteins can 
induce a first-order main phase transition in lipid 
monolayers even at zero surface pressure and if the lipid 
monolayer is in the gaseous state. The penetration 
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Fig. 4 Penetration dynamics for /i-casein penetration from 10^’ M 
solution at ^ = 0.90 nm^ per dipalmitoyl phosphatidylcholine 
(DPPC) molecule. The n(f) penetration kinetics curve has the first- 
order phase transition point after 3100 s. The sequence of BAM 
images a-c shows the growth of DPPC domains according to the 
letters of the n(t) curves 

dynamics of bovine /1-lactoglobulin dissolved in a 
buffered aqueous substrate into a gaseous DPPC mono- 
layer is presented in Fig. 4. The /1-lactoglobulin penetra- 
tion from a 10”^ M phosphate buffered solution (pH 7) 
performed at an area of 0.90 nm^ per DPPC molecule 
induces a first-order phase transition in the gaseous 
DPPC monolayer. This is indicated by the break point in 
the 7i(t) penetration kinetics curves and visualised by 
BAM (Fig. 4). The break point is the equivalent of a 
phase-transition point, as in the time region afterwards 
condensed-phase domains similar those of pure DPPC 
are formed. The experimental results indicate that 
obviously the adsorbed protein induces the condensation 
of pure DPPC of the gaseous monolayer. GIXD studies 
of this system corroborate these conclusions [12]. A 
theoretical model has been developed which supports the 
experimental findings [13]. 



Conclusions 

Conclusive evidence has been provided that a first-order 
phase transition and consequently the formation of 
condensed-phase domains can be induced by the adsorp- 
tion of amphiphilic species (surfactants, proteins). The 
combination of n(t) adsorption kinetics, BAM and 
GIXD makes a highly efficient characterisation of the 
condensed phases formed in adsorbed or penetrated 
monolayers possible. Depending on the temperature 
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various types of 2D modifications can occur, the 
molecular ordering of which can be determined as shown 
for the adsorbed monolayers of DHBAA. A first-order 
phase transition can also take place by the coadsorption 
of two surfactants. An interesting system is the coad- 
sorption of dissolved SDS containing only trace amounts 
of dodecanol. The condensed phase formed after the 
phase transition consists only of dodecanol and replaces 



nearly completely SDS in the adsorbed monolayer at 
equilibrium. 

The penetration of dissolved surfactants and proteins 
can also induce a first-order phase transition in gaseous 
lipid monolayers. As demonstrated by the penetration 
dynamics of bovine /1-lactoglobulin into a gaseous DPPC 
monolayer, the condensed phase formed after the phase 
transition consists solely of DPPC. 
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Abstract Amphiphilic “host-guest” 
assemblies are formed between a 
“host” monolayer and “guest” 
molecules dissolved in the aqueous 
subphase by acid-base interactions. 
The specific features of the surface 
films of amphiphilic benzamidini- 
um-benzoate complexes are defer- 
mined by surface pressure-area 
isofherms, Brewster-angle microsco- 
py and atomic force microscopy 
studies. Molecular recognition of the 
dissolved component by the amphi- 
philic monolayer causes drastic 
changes in the properties of the 



surface film. Nol only fhe area per 
molecule is considerably increased 
but also condensed-phase domains 
of special texture and topography 
can be formed. Details of a specific 
subsfructure reveal thaf a second 
layer grows over the primary struc- 
tures at further compression. 

Key words Molecular recognition • 
Langmuir monolayers • 
Benzamidinium-carboxylate 
complexes • Brewster-angle 
microscopy • Atomic force 
microscopy 



Introduction 

Mechanisms of molecular recognition are of general 
interest not only for the development of systems with new 
features and functions by specific composition of two (or 
more) different molecular components but also for 
understanding specific processes of biological receptors 
at the surface of supramolecular biological systems. 
Monolayers at the air-water interface are optimal 
models to realise the composition of specific molecular 
componenfs for sfudying fhe sfructural properties of the 
supramolecular units formed and, thus, the principles of 
molecular recognition. One approach is based on the 
regulation of the assembly process by incorporating 
strong directional interactions at the air-water interface 
[1, 2]. Amphiphilic “host-guest” assemblies can be 
formed between a “host” monolayer and “guest” 
molecules dissolved in the aqueous subphase by forma- 
tion of complementary hydrogen bonds and/or Coulomb 
interactions [3]. 

Here we focus on the specific features of the surface 
films of amphiphilic benzamidinium-benzoate complexes 



mainly on the basis of acid-base interactions. A stable 
cationic or anionic “host” monolayer was spread on the 
aqueous surface, while the “guest” component, having 
the opposite charge, was dissolved in the aqueous 
subphase. 



Materials and methods 

The soluble components used were sodium benzoate, sodium 
phenylacetate, phenylacetamidinium, and methyl benzamidinium 
purchased from Merck. The spread components were anionic 
pentadecyl benzoic acid (I) and cationic pentadecyl benzamidinium 
chloride (II). Pentadecyl benzamidinium chloride was synthesised 
and purified as described elsewhere [3]. 

The following combinations were investigated: 

1. Pentadecyl benzoic acid monolayers on phenylacet amidinium 
and benzamidinium solutions. 

2. Pentadecyl benzamidinium chloride monolayers on sodium 
benzoate or sodium phenylacetate solutions. 

The long-chain substances were dissolved in a chloroform/ethanol 
(4:1) mixture and spread on the surface of both pure water and 
water containing 1 mmol dissolved component with the opposite 
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Fig. 1 n-A isotherms of pentadecyl benzoic acid on different aqueous 
subphases (20 °C) 



charge. The monolayers were investigated at 20 °C using a 
thermostated Langmuir film balance. The surface pressure-area 



(n-A) isotherms were recorded at a compression speed of 10 A^/ 
molecule/min. 

A BAM 2 Brewster-angle microscope (NFT Gottingen, Ger- 
many) was used to image the condensed-phase textures formed on 
the water surface [4]. 

After the recognition process, one layer of the surface film was 
deposited on silicon wafers using the Langmuir-Blodjett technique. 
These sample were investigated by atomic force microscopy (AFM) 
using a Nanoscope III (Digital Instruments, Calif.). 

The distilled water was made ultrapure by a Milli-Q system. 



Results and discussion 

The spread pentadecyl benzamidinium chloride forms 
stable monolayers on pure water. After the spreading, 
these monolayers are already in the state of the two- 
phase coexistence between a nontextured condensed state 
and the surrounding gaseous state. At surface pressures 
of 71 > 0 mN/m a homogeneously reflecting condensed 
phase completely covers the surface. The anionic penta- 
decyl benzoic acid monolayers are not stable on water; 
however, stable monolayers can be formed on water with 
a higher pH value (pH 8). The effect of the dissolved 
“guest” components on the spread “host” monolayer 
changes the properties of the surface film drastically. 

In all combinations and independent of the charge of 
the spread monolayer, the area per molecule is much 
larger than that obtained on pure water. 



Fig. 2 Brewster-angle micros- 
copy (BAM) images of the 
condensed-phase domains of a 
pentadecyl benzoic acid mono- 
layer spread on 1 mM aqueous 
solutions of methyl benzamidi- 
nium (top) and phenylacet 
amidinium (bottom). All the 
images are on the same scale 






36 




Fig. 3 n-A isotherms of pentadecyl benzamidinium chloride on 
different subphases (20 °C) 

This can be clearly seen in Fig. 1, which shows the 
n-A isotherms of the pentadecyl benzoic acid monolay- 
ers spread on pure water and on 1 mM aqueous solutions 
of methyl benzamidinium and phenylacet amidinium. 
The n-A isotherms obtained for the dissolved substances 
show a plateau region which is characteristic for a two- 
phase coexistence, at a dehnite surface pressure for the 
accessible temperature region. A first-order phase tran- 
sition occurs at the beginning of the plateau region, so 
the best preconditions are given for the formation and 
growth of condensed-phase domains. Consequently the 
Brewster-angle microscopy (BAM) images were taken 
within this pressure plateau region. Regularly shaped 
domains of different morphology were observed. 

The domains which were obtained after molecular 
recognition if a pentadecyl benzoic acid monolayer was 
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Fig. 5 Atomic force microscopy images of pentadecyl benzamidinium 
chloride domains transferred onto silicon wafers 

spread on 1 mM aqueous solutions of methyl benzamid- 
inium and phenylacet amidinium are shown in Fig. 2. It 
is obvious that the molecules are tilted and a long-range 
orientational order exists. 

The n-A isotherms of the pentadecyl benzamidinium 
chloride monolayer spread on water and 1 mM aqueous 
solution of sodium benzoate and sodium phenylacetate 
(Fig. 3) show similar behaviour as those obtained in the 
case of opposite charge conditions (Fig. 1). The BAM 
images in Fig. 4 show the domains for the system of 
pentadecyl benzamidinium chloride monolayer on 1 mM 
phenylacetate solution. It is interesting to note the 
unusual texture of the round domains which consist of 
numerous filigree branches. 

To obtain additional texture information atomic force 
microscopy (AFM) measurements were performed after 
the transfer of the monolayers onto silicon wafers. More 
details on the thickness and the texture at higher 
resolution are revealed in Fig. 5. Depending on the 
system components, different subtextures of the domains 
are formed. Amphiphile I develops compact domains on 



Fig. 4 BAM images of the 
condensed-phase domains of 
pentadecyl benzamidinium 
chloride monolayers spread 
on a 1 mM solution of pheny- 
lacetate 
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Fig. 6 General schema of the 
interaction in the amidinium- 
carboxylate system: top as a 
supramolecular pair; bottom as 
an interdigitated assembly 
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both subphases, whereas amphiphile II on sodium 
phenylacetate forms filigree strings. A second and third 
layer of the same texture grow over the first condensed- 
phase monolayer. According to the results of the n-A 
isotherms and the BAM and AFM measurements it can 
be concluded that the domains consist of well-defined 
substructures with a defined thickness of 1 or 2, or 
sometimes of 3, molecule layers. 

There are two possibilities of interactions and strnc- 
ture formation which can be expected owing to recog- 
nition for the amidinium-carboxylate system (Fig. 6). 
The preferential formation of bilayers by growing over 
the filigree monolayer stings indicates interdigitated 
benzoate-benzamidinium interaction . 



Conclusions 

Molecular recognition systems can be formed on the 
basis of acid-base interaction by specific composition of 
an amphiphilic monolayer component and a dissolved 
species. The specific features of the surface films of 



amphiphilic benzamidinium-benzoate complexes were 
determined by n-A isotherms, BAM and AFM studies. 
The amphiphilic “host” monolayer can be the acid or the 
basic component. Molecular recognition of the dissolved 
component, with opposite charge, changes the properties 
of the surface films drastically. On the other hand, 
independent of whether a cationic or anionic “host” 
monolayer is used, the features of the amphiphilic 
benzamidinium-benzoate films are more or less similar 
to each other. 

If the two amphiphilic compounds are spread on pure 
water, stable but nontextured condensed monolayers are 
formed. The recognition of the guest component leads to 
drastic changes in the film properties. The n-A isotherms 
show that the area per molecule is essentially enlarged by 
recognition of the “guest” components. In the two-phase 
coexistence region condensed-phase domains of a special 
texture and topography begin to grow. Particularly 
supported by AFM studies, a specific substructure can 
be observed, which reveals that a second molecular layer 
grows over the primary structures at further compres- 
sion. All the results suggest interdigitated benzoate- 
benzamidinium interaction. 
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Abstract Equilibrium penetration 
and penetration kinetics of the dis- 
solved homologue A-decyl-y- 
hydroxybutyric acid amide into 
Langmuir monolayers of A-tetrade- 
cyl-y-hydroxybutyric acid amide 
were studied by surface pressure 
measurements and Brewster-angle 
microscopy. If penetration of the 
dissolved component takes place 
into the fluid monolayer a first-order 



phase transition is induced. Under 
all conditions the condensed phase 
formed consists only of the longer- 
chain homologue. The single com- 
ponents were also characterised. 



Key words Monolayer penetration • 
Phase transition • Brewster-angle 
microscopy • Surfactants • 
Adsorption 



Introduction 

Equilibrium and dynamic behaviour of mixed monolay- 
ers of soluble and insoluble amphiphiles at fluid/liquid 
interfaces play an important role in various technological 
and biological processes. However, even for very simple 
systems, the thermodynamic analysis is difficult and much 
more complicated if a condensed phase exists or is induced 
by the penetration of dissolved surface-active species [1]. 

On the other hand, in the last decade rapid progress 
has been made in the understanding of the molecular 
organisation of condensed monolayer phases [2, 3]. The 
application of sensitive optical microscopy, particularly 
Brewster-angle microscopy (BAM), has revealed a vari- 
ety of textures of condensed phases formed not only in 
Langmuir monolayers [3] but also in adsorbed mono- 
layers (Gibbs monolayers) [4]. 

Recent theoretical and experimental progress has led 
to a better understanding of penetration systems at the 
air-water interface in which a dissolved amphiphile 
(surfactant, protein) penetrates into a Langmuir mono- 
layer. The first application of the highly sensitive, direct 
experimental techniques for penetration experiments has 
provided new, interesting information on the effect of the 
dissolved species on the state of the condensed phase of 
different penetration systems [5-8]. 



Although a rigorous thermodynamic analysis of 
penetration systems is unavailable owing to their com- 
plexity, some model assumptions resulted in reasonable 
solutions. Based on the interesting experimental results, 
new theoretical models describing the equilibrium beha- 
viour of the insoluble monolayers which undergo the 2D 
aggregation in the monolayer and corresponding equa- 
tions of state and adsorption isotherms are now available 
[7, 9, 10]. 

The present experimental study focuses on a penetra- 
tion system where a soluble homologue penetrates into a 
Langmuir monolayer of an amphiphile which can form a 
highly crystalline monolayer phase. 



Materials and methods 

ATetradecyl-)'-hydroxybutyric acid amide (14-HBAA) and N- 
decyl-y-hydroxybutyric acid amide (10-HBAA) [C„H 2 „+i - NH - 
CO - (CH 2)2 “ CH 2 OH, « = 10, 14] were synthesised by reaction of 
butyrolactone with the corresponding alkylamine dissolved in 
dioxane at 100 °C. The chemical purity of 99% or above obtained 
by distillation and crystallisation in acetone was checked by 
elemental analysis and high-pressure liquid chromatography. The 
spreading solvent was chloroform p.a. (Merck). The distilled water 
was made ultrapure by a Milli-Q system. 

10-HBAA was used as a soluble surfactant. The insoluble 
monolayer was formed by the homologue 14-HBAA. 
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The penetration experiments were performed with a circular film 
balance with two compartments. On one compartment, containing 
pure water, the monolayer was prepared and compressed. After- 
wards, the monolayer was transferred between two barriers onto 
the second segment, which contained the surfactant solution. The 
main advantage of this technique is a homogenous distribution of 
the dissolved 10-HBAA within the subphase. 

The film balance was coupled with a BAM 1 + Brewster angle 
microscope (NFT, Gottingen, Germany). The microscope provides 
undistorted images with a lateral resolution of approximately 4 /rni. 
All the experiments were performed at 20 °C. The water used for 
the experiments was made ultrapure by a Millipore desktop system. 



Results and discussion 

Characterisation of the pure components 

The 14-HBAA monolayers were prepared by spreading a 
10”^ M CHCI3 solution and one n-A isotherm for 20 °C 




Fig. 1 Surface tension-concentration isotherm of A-decyl-y-hydroxy- 
butyric acid (10-HBAA) (20 °C) 



was recorded with a compression speed of 6 A^/mole- 
cule/min. The n-A isotherm (Fig. 1) exhibits a distinct 
plateau region, indicating a hrst-order phase transition. 
The BAM images show the structure of the condensed- 
phase domains which are formed within the plateau 
region of the isotherm (Fig. 2). The condensed phase 
appears as highly crystalline rigid needles owing to the 
strong hydrogen bonds within the headgroup region of 
the monolayer. 

The shorter-chain homologue 10-HBAA can be 
dissolved in water and adsorbs at the water surface. 
The surface tension - concentration (cr-log c) adsorp- 
tion isotherm of 10-HBAA was measured up to the 
critical micelle concentration at 20 °C (Fig. 3) and the 
adsorbed monolayers did not form condensed-phase 
domains. 



Equilibrium penetration 

After the characterisation of the single components the 
penetration of the 10-HBAA component dissolved into 




Fig. 3 n-A isotherm of A-tetradecyl-y-hydroxybutyric acid (14- 
HBAA) on water (20 °C) 



Fig. 2 Brewster-angle micros- 
copy images of condensed- 
phase domains of 14-HBAA on 
water (20 °C) 
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the 14-HBAA monolayer was studied. The 14-HBAA 
monolayer was transferred onto the surfactant solution, 
then expanded to an area of more than 1 nm^/molecule 
and the equilibrium penetration isotherm (Fi^. 4) was 
recorded with a low compression speed (2.5 A^/mole- 
cule/min). 

In comparison to the n-A isotherm obtained for pure 
water as a subphase, the penetration isotherm is shifted 
to higher pressures and to greater areas. The plateau of 
the phase transition is nearly diminished and BAM 
investigations were helpful to find out the region of the 
phase transition. As can be seen in Fig. 5, the domains 
have a similar shape as those on water. Small deviations 
may be caused by the lower surface tension of the 
expanded phase, while the composition of the condensed 
domain is not influenced by the surfactant. The 




Fig. 4 n-A isotherm of 14-HBAA on a 5 x 10^^ M solution of 10- 
HBAA. The isotherm on water is given for comparison, and the 
beginning of the phase transition is indicated 



Fig. 5 Condensed-phase do- 
mains of 14-HBAA on a 
5 X 10“^ M solution of 10- 
HBAA (20 °C) 



condensed phase consists obviously only of pure 14- 
HBAA, so it can be assumed that the surrounding fluid 
phase is enriched by 10-HBAA. Minor differences in the 
domain shape, for example, the needles are thicker and 
more branched in penetrated monolayers, may result 
from different line tensions. 



Penetration kinetics 

The spread 14-HBAA monolayer was compressed to 
0.45 nm^/molecule, just before the phase transition 
point. Under these conditions, only the fluid monolayer 
phase exists and condensed-phase domains cannot be 
formed. After sweeping this monolayer onto the sur- 
factant solution the penetration kinetics of the dissolved 




Fig. 6 Adsorption kinetics of 10-HBAA into a monolayer of 14- 
HBAA. The monolayer was compressed to 0.45 nm^/molecule 
(n ~ 7 mN/m) and transferred onto the surfactant solution 
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Fig. 8 Using an analyser, the contrast in the image can be changed. 
This indicates tilted molecules with different azimutal orientation 



surfactant can be observed, and the surface pressure 
increases with time (Fig. 6). The not well developed 
kink in the penetration kinetics curve after approxi- 
mately 1 min indicates a first-order phase transition. 
The BAM images obtained after this time, show the 




existence of condensed-phase domains (Fig. 7), again 
similar to those of 14-HBAA monolayers on water. 
Consequently although the phase transition is induced 
by the penetration of 10-HBAA molecules into the fluid 
14-HBAA monolayer the condensed phase consists of 
14-HBAA. 



Conclusions 

The transition from the fluid to the condensed phase of 
the 14-HBAA monolayer is shifted to greater areas and 
higher surface pressures owing to the penetration of the 
dissolved 10-HBAA surfactant into the monolayer; this 
induces the first-order phase transition. Although the 
insoluble and soluble components are miscible in the 
fluid monolayer phase and both components are only 
different in the chain length, the condensed-phase 
domains are formed only by the insoluble homologue. 
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Abstract We report the immobiliza- 
tion of glucose oxidase into a poly- 
pyrrole layer owing to multilamellar 
vesicles. Multilamellar vesicles con- 
sist of a mixture of lipids and 
surfactants and are used to encap- 
sulate glucose oxidase and vectorize 
it towards an electrode where poly- 
pyrrole is electrosynthesized. We 
show by cyclic voltammetry experi- 
ments performed on vesicles free of 
glucose oxidase that they are likely 
to interact with pyrrole oligomers 
during synthesis, leading to their 
incorporation into the film. Their 
engulfment into the film is evidenced 
by scanning electron microscopy and 
Auger analysis. Vesicles in which 
glucose oxidase is encapsulated do 



not seem to be destroyed during film 
synthesis since the enzymatic activity 
of the mixed film can be triggered by 
adding a surfactant able to dissolve 
the vesicles. The advantage of using 
vesicles for inserting an enzyme into 
a polymer film is demonstrated in 
the special case where a pulsed field 
is applied for film synthesis. We 
indeed measure a higher enzymatic 
activity when glucose oxidase is 
incorporated in the polypyrrole film 
using multilamellar vesicles. 



Key words Polypyrrole • 
Multilamellar vesicles • Glucose 
oxidase • Electric field • Biosensor 



Introduction 

The making of biosensors requires the immobilization of 
the highly selective molecule, usually an enzyme, on a 
solid surface. One of the most attractive process is 
electrochemical immobilization, mainly because of its 
simplicity and rapidity. This method involves the electro- 
chemical oxidation of a suitable monomer from a 
supporting electrolyte containing enzyme to form a 
polymer film on the electrode surface. However, several 
drawbacks are inherent in this method; enzymes can be 
denaturated by the electrochemical environment gener- 
ated at the electrode surface during the electropolymer- 
ization step (change in pH, ionic force, etc.) so that the 
enzymes are incompatible with certain polymers [1-3]. 
Moreover, incorporation of the enzyme into the growing 
film requires electrostatic affinity between the polymer 
and the enzyme as well as between the electrode and the 



enzyme, so, for instance, positively charged proteins 
cannot be efficiently entrapped in polypyrrole (PPy) films 
[1]. Finally, the low amount of the entrapped enzyme 
significantly reduces the long-term stability of these 
biosensors. We believe that one way to solve these 
problems is to encapsulate the enzyme into multilamellar 
vesicles (MEV). Vesicles should protect the enzyme from 
its environment, avoiding both its denaturation and the 
use of concentrated buffers. Furthermore, the effective 
charge of the enzyme would not be of importance as long 
as the appropriate charge is conferred to the vesicles for 
electrostatic attraction and, finally, the vesicles should 
allow the concentration of the enzyme in the film to 
increase because of their greater attraction to an electrode 
when submitted to an electrical field. 

The aim of this article is to show that the incorpora- 
tion of MEV, with or without encapsulated glucose 
oxidase (GOD), into a PPy layer is possible by an 
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electrochemical process. We show that the enzyme 
activity incorporated into the film can be triggered by 
the destruction of the embedded vesicles and that, for 
certain conditions, vesicles allow the enzyme concentra- 
tion in the polymer film to rise. 



Materials and methods 

Chemicals and solutions 

The monomer, pyrrole (Aldrich, 99%), was distilled and stored 
under nitrogen in the dark prior to use. NaCl, Brij30 and T35 
(sodium octadecyl sulfate) were purchased from Aldrich. PC-90 
was provided by Rhone-Poulenc Rorer. 

The GOD from Aspergillus niger (E.C.1.1.3.4, type VII-S) was 
obtained from Sigma. Peroxidase (POD) from horse radish 
(grade II) as well as 2,2'-azinobis(3-ethylbenzthiazoline sulfonic 
acid) (ABTS ) were from Boehringer Mannheim. d( + )glucose was 
purchased from Aldrich. A potassium phosphate buffer (0.1 M, 
pH 7) was obtained by adjusting the pH of a solution of K2HPO4 
3H2O (2.28 g/100 ml water) to 7.0 by adding a solution of KH2PO4 
(1.36 g/100 ml water). Solutions of D( + )glucose (1.1 M) and POD 
(2500 U/ml) were made in water, whereas those of ABTS (2 mM) 
and GOD were made in phosphate buffer. D(-I)glucose solution 
was allowed to mutarotate at room temperature for at least 24 h 
before use. 

Preparation of the MLV dispersions 

MTV were obtained mixing the same amount of surfactants [BriJ30 
(5 wt%), T35 (25 wt%), PC-90 (70 wt%)] and solution [water or 
GOD in NaCl (10^^ M) for GOD encapsulation]. The surfactants 
were first mixed together, then the required mass of solution was 
added to this mixture. The paste obtained was mixed until it 
appeared homogeneous. The dispersion of MLV was performed 
under agitation using a vortex stirrer in water, NaCl (10^^ M) or 
pyrrole. The formation of MLV was checked by phase-contrast 
microscopy before each experiment. The diameter of the MLV 
ranged from 0.1 to 2 pm, with a population peak of around 
0.3 pm. 



Electrochemical cells 
Thin-gap cell 

Scanning electron microscopy (SEM) analysis was performed on 
films synthesized in a thin-gap cell [4, 5]. This electrochemical cell 
consists of two glass plates covered with a gold film separated by a 
square silicone joint forming a reservoir. A thin tube is inserted into 
the reservoir in order to inject pyrrole solution close to the anode. 
A potential drop, A® (<I>anode-9>cathode) is applied between both 
electrodes using a HP3324A instrument (Hewlett-Packard) as the 
signal generator. 

Three-electrode cell 

Cyclic voltammetry was carried out using a three-electrode-cell 
geometry. The working electrode and the counter electrode were Pt 
wires (1-mm diameter and separated by 3 mm) and a saturated 
calomel electrode (SCE) was used as the reference electrode. They 
were immersed into a 30-ml beaker. Cyclic voltammetry was 
performed with a PGstat 20 potentiostat in connection with the 
data acquisition software Autolab GPES 4.4. 



SEM and Auger electron analyses 

Images of the surface of the anode were obtained with a scanning 
electron microscope (JEOL 840 A) under a tension of 15 kV. The 
samples were sputtered with Au/Pd under vacuum before 
analysis. 

Auger electron analysis was made using a Fisons Instruments 
analyzer. 

GOD activity measurement 

The activity of GOD was assayed using a spectrophotometric 
procedure provided by Boehringer Mannheim. This method is a 
modification of a previously described method where o-dianisine was 
used as the leuco dye instead of ABTS [6]. The assays were based on 
the POD catalyzed oxidation of ABTS by the H2O2, product of the 
O2 reduction by GOD. A magnetic stirrer bar rotating at 500 rpm 
ensured homogeneity of the solution. The temperature of the 
spectrophotometer cell was kept constant at 25 °C using flowing 
water. All the experiments were performed using a PerkinElmer UV- 
vis spectrophotometer saturated with O2. The 1.0-cm light-path cell 
was filled with 1.8 ml ABTS (2 mM), 0.326 ml glucose (1.1 M) and 
6.6 p\ POD (2500 U /ml). The electrode (Pt wire) on which the mixed 
film was synthesized, was dipped in the cell and the absorbance was 
measured at 405 nm for 1-3 min. 



Results and discussion 

Ex situ analysis of the mixed MLV-PPy film 

When submitted to a direct current (d.c.) field, charged 
parficles dispersed in wafer are attracted to the oppo- 
sitely charged electrode by electrophoretic transport. 
This well-known property still applies for MLV [4, 5, 7]. 
For the negatively charged MLV we used (T35 is an 
anionic surfactant), we found that the density of the 
MLV close to the anode sharply increased within about 
5 min when AO = 2 V. We took benefit of this property 
to preassemble MLV on the electrode before introducing 
pyrrole into the electrochemical cell. In so doing, we 
wanted to optimize the concentration of MLV in the PPy 
layer. Several seconds after the injection of pyrrole close 
to the anode, some dark areas corresponding to polymer 
domains are visible on the anode surface and within 
2 min the anode is totally covered by a dark layer [7]. We 
stopped the electrosynthesis of PPy 5 min after the 
introduction of monomer into the cell in order to get a 
“flat” film, thin enough for the MLV to be distinguished. 
This is illustrated in Fig. 1, which displays a SEM image 
of the anode surface, after opening the thin-gap cell and 
rinsing the anode with water. 

The surface of the sample exhibits several bumps 
separated by flat domains. The bumps are ellipsoidal and 
their size axis ranges from about (0.25 x 0.5 to 
about (0.75 x 2 pnr). When the experiment is repeated 
without MLV, the film displays a very fine granulation 
(not shown) which is simailar to that of the flat domains 
seen in Fig. 1. We therefore believe that the bumps are 
due to MLV embedded in the film. The ellipsoidal shape 
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Fig. 1 Scanning electron microscopy image of the polypyrrole (PPy)- 
multilamellar vesicle (MLV) film synthesized on the anode of the 
electrochemical cell depicted and the corresponding Auger electron 
spectra. The mixed film is obtained by applying a voltage drop of 2 V 
on an aqueous dispersion of MLV. After 20 min, a solution of pyrrole 
(0.5 M) is injected into the cell and the direct current field is still 
applied for some additional 5 min. Auger spectra: (top) bump 
analysis, (bottom) “flat” area analysis 

of these bumps can be explained by the inclination of the 
sample (30°) while being shadowed with Pd/Au for SEM 
analysis. The size of the bumps is slightly greater than the 
size of the MLV; this can be imputed to a flattening of the 
vesicles under vacuum or/and sample inclination. 

Auger electron spectroscopy was performed on that 
sample. Two depth profiles were recorded: one (top 
spectrum) corresponds to an area where a bump was 
visible, the other (bottom spectrum) to a flat area. This 
technique gives information on the relative atomic 
composition of the film for its whole thickness. Let us 
note, however, that not all the elements (e.g. hydrogen, 
phosphorus, etc.) can be detected by this technique and 
that the depth values (0 corresponds to the air-film 



interface) are only indicative since the apparatus could 
not be calibrated with our material. Both spectra are very 
similar. They both present a strong depletion in the 
carbon relative concentration in the first 100 nm while 
the Pd peak rises. This corresponds to the Pd/Au 
conductive layer covering the sample for purpose of 
SEM analysis. Lor both spectra, the strongest concen- 
trations are those of carbon and nitrogen (90 and 10%, 
respectively); however, between 150 and 275 nm in 
depth, they differ in that oxygen (about 5%) is detected 
in the bump, whereas for the flat area analysis, the 
oxygen concentration is close to 0 for all the film 
thickness. As oxygen can only come from the surfactants 
and lipids which comprise the MLV (pyrrole being 
devoid of oxygen), these results suggest that the MLV are 
located under the bumps, sandwiched between two PPy 
layers. The low concentration of oxygen is not surprising 
since its ratio in the mixture of lipids and surfactants is 
very small (less than 10%). The carbon and nitrogen 
atoms are indicative of the PPy film which covers all the 
anode, recovering also the bumps. Their ratio (90/10) is 
not very far from that of pure PPy (80/20). 
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Cyclic voltammetry 

PPy electrosynthesis is believed to begin with the 
oxidation of pyrrole on the anode surface followed by 
the formation of oligomers which are themselves oxi- 
dized to give a free-standing film. Oxidation of the 
repeating units produces polycationic chains, so anions, 
called dopants, must be inserted for the synthesis to go 
on. In contrast, when PPy is reduced (by decreasing the 
working electrode potential) the dopant must be ejected 
from the film [8, 9]. This is what happens for mobile 
anions, but when the dopant is large, such as particles or 
micelles, the dopant remains in the film and the charge 
compensation is ensured by uptake or ejection of cations 
from or to the reactive medium [8, 10]. To gain insight 
into the electrochemical mechanism, one can measure the 
current intensity which goes through the electrochemical 
cell as a function of the working electrode potential. An 
increase or decrease in the current intensity corresponds 
to a redox mechanism. 

The cyclic voltammograms are reported in Fig. 2. The 
classical cyclic voltammogram of PPy is shown in the 
Fig. 2a (dotted line) when chloride ions act as dopants. 
One can see a sharp current intensity increase at 0.75 V/ 
SCE, which is usually attributed to the monomer 
oxidation and two waves, 1 and 1', which correspond 
to the oxidation (£= 0.4 V/SCE) and the reduction 
(£■=0.2 V/SCE) of oligomers, respectively. When MLV 
are added to pyrrole in NaCl solution (plain line), the 
current intensity wall (0.75 V/SCE) as well as both waves 
(1 and 1') are still detected. However, at potentials below 
0 V/SCE, two additional waves are observed: 2 and 2', 
respectively, located at -0.2 and -0.6 V/SCE. These two 
waves suggest that another dopant larger than the CF 
ions is present in the reactive medium. We believe that 
the negatively charged MLV interact with oligomers 
during the film synthesis, playing the role of dopant [7]. 
This interpretation is supported by previous studies of 
PPy synthesis, notably in the presence of sodium dodecyl 
sulfate (SDS) [11, 12]. Zhong and Doblhoker [11] 
performed cyclic voltammetry in KCl and showed that 
an additional redox couple appears near -0.6 V/SCE 
when SDS is added to the pyrrole solution. John et al. 
[12] analyzed a dispersion of SDS micelles in pyrrole and 
concluded that dodecyl sulfate is incorporated into the 
polymer during its synthesis. Similarly, a reduction wave 
was shown to emerge during cycling of pyrrole in 
propylene carbonate [13]. The two new waves, 2 and 2', 
are thus likely to result from the interaction of MLV with 
the oligomers. However, one can wonder whether 
oligomers interact rather with the whole vesicle or with 
the anionic surfactant (which could be present in 
solution). 

When the synthesis is performed in a pyrrole solution 
devoid of MLV but containing the negatively charged 
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Fig. 2a, b Cyclic voltammograms recorded in a three-electrode cell. 
The potential, E, is measured versus a saturated calomel electrode. 

a Pyrrole (0.5 M) in NaCl (10^^ M):( ) without MLV, ( — ) with 

MLV (1 g/1). Scanning rate: 100 mV/s. b Pyrrole (0.5 M):(- — -) 
without MLV, ( — ) with MLV (1 g/1), (....) in a solution of T35 
(concentration below the critical micelle concentration). Scanning 
rate: 10 mV/s 

surfactant T35 (used in the preparation of MLV) at a 
concentration below its critical micelle concentration no 
current intensity goes through the cell, i.e. no polymer- 
ization occurs (Fig. 2b, dotted lines) as when the 
synthesis is carried out in pure water (dashed line). In 
contrast, when MLV are dispersed in pyrrole without 
any dopant (plain line), the PPy film grows, as evidenced 
by the cyclic voltammogram. All these data indicate that 
MLV act as dopants for the PPy synthesis. 

Another way to assess the entrapment of MLV into 
the PPy film is to resort to an encapsulated probe. This is 
what is described in the next section for the encapsulation 
of GOD into MLV. 
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GOD immobilization into PPy 

GOD is an enzyme which catalyzes the oxidation of 
glucose in gluconolactone and peroxide in presence of 
O 2 . To follow its ability to catalyze this reaction, i.e. 
its activity, one can measure the rate of formation of 
peroxide. This can be achieved using a second 
enzymatic reaction, the oxidation of a leuco dye 
(ABTS) by peroxide in the presence of POD. The 
formation of the reduced leuco dye was followed by 
UV-vis spectroscopy at 405 nm. If GOD is present in 
the measuring medium, the plot of the absorbance at 
405 nm versus time gives a straight line whose slope 
increases with GOD concentration. 

Before encapsulating GOD into MLV, we checked 
that the GOD activity was not inhibited by MLV 
surfactants. We found that the effect of T35 on the 
GOD activity was negligible. We also checked that TX- 
100 does not significantly modify the GOD activity. 
Finally, we compared the activity of a solution of GOD 
with that of a dispersion of MLV in which GOD is 
encapsulated (GOD/MLV) for the same global enzyme 
concentration. We found that encapsulation of GOD 
into MLV results in a sharp decrease of its activity 
certainly because of steric hindrance but also because of 
limitations in the diffusion of glucose and leuco dye 
through the MLV bilayers. However, we concluded that 
the enzyme is not denaturated by encapsulation since the 
destruction of MLV by addition of TX-lOO leads to the 
recovery of the enzyme activity. 

We thus made a film from a dispersion of GOD/ 
MLV in pyrrole and NaCl by applying 1 V/SCE to the 
working Pt electrode for 1 h. After several minutes, the 
Pt wire was covered by a black deposit whose thickness 
reached about 1 mm within 30 min. At the end of the 
synthesis, the deposit was wrapped in a white jellylike 
sheath which is likely to consist of MLV in close 
contact. We washed the electrode with Milli-Q water 
and phosphate buffer in order to remove the sheath and 
MLV which could be “adsorbed” to the film surface. 
We then measured the activity of the film before and 
after treatment with TX-100. The corresponding curves 
are shown in Fig. 3. The activity of the crude film is 
very low (straight line slopes 1.7 x 10“"^ s“'): this 
activity can be attributed either to GOD which could 
remain adsorbed at the film surface and/or to enzyme 
trapped in the film but not encapsulated into the MLV. 
Indeed, let us note that not all the enzyme is 
encapsulated into MLV during the preparation of the 
samples and that free enzyme remains in the dispersion 
medium. After 5 min of incubation with TX-100 in 
order to solubilize the MLV, the film activity displays a 
twofold increase (straight line slope = 3.4 x 10“"^ s“'). 
This increase is even more pronounced after 1 h of 
treatment since the value of the straight line slope 




Fig. 3 Measurement of glucose oxidase (GOD) activity of a PPy- 
GOD/MLV film synthesized by applying 1 V/SCE for 1 h. The film is 
obtained from a dispersion of mLv (10 g/1) in pyrrole (0.5 M) and 
NaCl (10^^ M). In the MLV, GOD (10 g/1) is encapsulated (circles). 
After rinsing the electrode with phosphate buffer, (squares), after 
washing the electrode with a solution of TX-100 (20 vol %) and 
rinsing it with the phosphate buffer (triangles) after 1 h of incubation 
of the electrode in a solution of TX-100 (1 vol %) and rinsing it with 
the phosphate buffer 

reaches 8.3 x 10“"^ s“’. We interpret the rise of the film 
activity after the action of TX-100 as the release of 
GOD from MLV into the PPy film. This suggests that 
not only the enzymes are well immobilized into the PPy 
layer but also that some of them are still encapsulated 
into MLV or, at least, interact with the MLV molecular 
components. This confirms that the MLV were incor- 
porated into the film and, thus, that they are able to 
vectorize GOD into the film. 

Another interesting point is to compare the activity of 
mixed GOD/PPy films obtained with and without the 
MLV for the same experimental conditions, i.e. for the 
same electrical treatment and for the same global 
concentration of enzyme. Our first experiments in that 
sense were performed by applying an alternating current 
(a.c.) field coupled with a d.c. component to get the mixed 
film. This process was chosen because we previously 
showed that MLV self-organize on a planar electrode to 
form a dense layer of particles when they are submitted to 
an a.c. field [4], whereas GOD should not be very sensitive 
to an a.c. field because of its smaller charge density. The 
idea was to induce a greater attraction of the MLV than 
free enzyme by applying an a.c. field and then to apply a 
d.c. component to start the PPy synthesis. 

Our first results are reported in Fig. 4. One can see 
that the film activity is indeed higher when the MLV are 
employed to encapsulate GOD; the slope of the straight 
line is 3.6 x 10~"^ s“' compared with 3.2 x 10~^ s“' when 
free GOD is used. The curves also show that GOD is well 
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Fig. 4 Measurement of GOD activity of a PPy film synthesized with 
a free GOD (200 g/1) in pyrrole (0.5 M) and NaCl (10^^ M) and b 
GOD (200 g/1) in MLV (30 g/1) in pyrrole (0.5 M) and NaCl 
(10^^ M). For both films, an alternating current field was applied 
for 2 min (frequency:! kFIz, voltage drop ranging from 2 to 8 V with 
a 2 V step each 30 s) and, then, a direct current component was added 
(0.3 V for 1 h). The film represented by a was incubated in the 
phosphate buffer for one night. The film represented in b was 
incubated in a solution of TX-lOO (5 vol%) for one night and 
incubated in the phosphate buffer for 2 h 

trapped into the film and does not go out of the film since 
when the electrode is removed from the spectrophoto- 
metric cell, the activity is close to 0 (see curve b). 



Conclusion 

In this article we presented evidence for the embedment 
of MLV into a PPy matrix. Direct ex situ characteriza- 
tion of the composite material was achieved by SEM 
observations and Auger electron spectroscopy. When 
engulfed in the polymer layer, the MLV appear as bumps 
on the relatively flat surface and their presence is 
indicated by slight differences in the atomic concentra- 
tions measured through a bump or a flat area. 



The rise of an additional redox couple in the cyclic 
voltammograms reveals a specific interaction of the 
MLV with the growing PPy. This new redox system 
reflects the doping of PPy by large, negatively charged 
entities. We believe these are MLV since the doping effect 
of T35 (the MLV surfactant) was ruled out by cyclic 
voltammetry experiments. This electrostatic interaction 
between negatively charged MLV and positively charged 
oligomers is likely to result in a coprecipitation to give 
the mixed film [7]. 

The incorporation of MLV into the PPy layer is 
confirmed using a biological probe, GOD. The triggering 
of GOD activity in a film obtained with MLV in which 
GOD is encapsulated, demonstrates that not only GOD 
has been immobilized in the PPy layer but also that GOD 
remains encapsulated or, at least, surrounded by MLV 
surfactants once in the film. This is indirect proof that 
MLV are not completely destroyed while being incorpo- 
rated in the polymer matrix. 

The advantages to resort to MLV to introduce an 
enzyme into a polymer film are numerous. First, we 
showed that the enzyme is somehow isolated, protected 
from its environment, since one needs to add TX-lOO to 
trigger enzyme activity. Moreover, we believe that using 
MLV should allow the concentration of enzyme into the 
polymer layer to increase. We showed that this is the case 
when a combination of a.c. and d.c. fields is used, but we 
think this should also be valid for more conventional 
conditions, i.e. when the synthesis is performed with a 
d.c. field. This study is in progress. Finally, another 
advantage brought by MLV is that they should vectorize 
any enzyme into a film, for example, a positively charged 
enzyme which could not be inserted into a PPy film by 
applying an electric field because of “electrostatic 
incompatibility”. However, if this enzyme is encapsulat- 
ed in negatively charged MLV the making of the mixed 
film is conceivable. This study is in progress. 
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Abstract We have studied the beha- 
viour of aqueous mixtures of a 
hydrophobicaiiy modified poly(so- 
dium acrylate) derivative (PA- 
Na3C18, containing 3 mol% 
octadecyl groups) with a cationic 
copolymer of A-isopropylacryla- 
mide (PNIPAMIO, containing 
10 mol% cationic groups). Rheolo- 
gy and pyrene fluorescence probing 
were used to this end. The PA- 
Na3C18/PNIPAM10 mixtures were 
compared to mixtures of PANa3C18 
with PNIPAM. The combination of 
both electrostatic attractions and 
hydrophobic interactions makes the 
PANa3C18/PNIPAM10 mixtures 
more effective thickeners than the 
PANa3C18/PNIPAM ones. In the 



latter case, only hydrophobic inter- 
actions are effective. 



Key words Poly(A-isopropylacryl- 
amide • Hydrophobicaiiy modified 
poly(sodium acrylate) • Polyelectro- 
lyte complexes • Hydrophobic 
aggregates • Rheology 



Introduction 

Hydrophobicaiiy modified water-soluble polymers 
(HMWSP) consist of a hydrophilic backbone onto which 
a small number of strongly hydrophobic groups are 
randomly anchored. These products are characterised by 
a pronounced thickening efficiency [f]. The strongly 
hydrophobic groups are, most often, long alkyl chains, 
such as dodecyl or octadecyl. In aqueous solution and 
above a threshold polymer concentration, cq, the alkyl 
groups form interchain hydrophobic aggregates that 
stabilise a transient network. As a result, a viscosity 
enhancement is observed. The thickening properties of 
such systems can be further improved by mixing two 
HMWSP, especially when they are oppositely charged. A 
known example is the mixture of hydrophobicaiiy 
modified poly(sodium acrylate) (HMPA) with hydropho- 
bicaiiy modified positively charged cellulose derivatives 



[2, 3]. In that case, both electrostatic attractions and 
hydrophobic interactions contribute to the stabilisation 
of the transient polymer network. 

An important improvement of the thickening prop- 
erties of hydrophobicaiiy HMPA derivatives is also 
observed when mixing them with poly(A-isopropyl- 
acrylamide) (PNIPAM) [4]. PNIPAM is a moderately 
hydrophobic nonionic polymer. Its aqueous solutions 
exhibit lower critical solution temperature behaviour, 
i.e., they phase-separate when the temperature exceeds 
about 33 °C [5]. It is well known that PNIPAM 
associates with anionic surfactants, for instance, sodium 
dodecyl sulphate (SDS), and forms hydrophobic mixed 
aggregates [6]. The formation of similar hydrophobic 
mixed aggregates is suggested for mixtures of PNIPAM 
with HMPA. These mixed hydrophobic aggregates act as 
cross-links between the PNIPAM and HMPA chains and 
the solution viscosity increases [4]. Moreover, the 
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hydrophobic character of PNIPAM is enhanced with 
increasing temperature, leading to increased stability of 
the mixed aggregates and to interesting thermothicken- 
ing behaviour (i.e., the viscosity increases with increasing 
temperature) [4]. 

The introduction of positive charges to the PNIPAM 
chain is expected to influence dramatically the behaviour 
of its mixtures with HMPA. To study this effect we use a 
HMPA containing 3 mol% octadecyl groups (PA- 
Na3C18, Scheme 1) and NIPAM-based copolymers 
containing 10 mol% cationic units. We present the main 
features of the association between PANa3C18 and 
PNIPAM 10 at 25 °C and we compare with the behaviour 
of PANa3C18/PNIPAM mixtures. A more detailed 
report, which includes the effects of temperature and of 
charge density of the NIPAM-based copolymers, was 
presented elsewhere [7]. 

Materials and methods 

The HMPA derivative (PANa3C18) bears 3 mol% octadecyl 
groups, randomly anchored on the polymer backbone. Its molar 




(CH 2),7 



CH3 

PANa3C18 




NH NH 



CH (CH2)3 Cl 

Ch'j \h3 CH3— CH3 

H 

PNIPAMIO 

Scheme 1 



mass is 150,000 [8]. PNIPAM (M„ = 6.5 x 10^) and two PNI- 
PAMIO samples (M„= 1.5 x 10^ and 1.1 x lO'’) were prepared by 
(co)polymerisation in water at 28 °C, using N, A-(dimethylami- 
nopropyl)methacrylamide as a comonomer and the reodx couple 
ammonium persulphate-sodium metabisulphite for initation [9, 
10]. A synopsis of their characterisation is given in Table 1. The 
copolymers were recovered in their uncharged basic form. For 
the purposes of this study, they were quantitatively neutralised 
with HCl and transformed to the charged chloride salt form 
(Scheme 1). The water used was purified with a Seralpur Pro90 
apparatus, combining an inverse-osmosis membrane and ion- 
exchange resins. 

A controlled-stress rheometer, Rheometrics SR-200, equipped 
with a cone/plate geometry (diameter = 25 mm, angle = 2°) was 
used for the rheology measurements. 

Steady-state fluorescence spectra were recorded using a Perkin- 
Elmer LS50B luminescence spectrometer. Pyrene was used as a 
fluorescence probe at a concentration of 6 x 10^^ M. The excita- 
tion wavelength was 334 nm and the intensities at 373 and 384 nm 
were used to calculate the intensity ratio of the first to the third 
vibronic band of the fluorescence emission spectrum of pyrene, A/ 
/j. With our experimental setup, the /1//3 value measured in pure 
water is 1.75. 

All the solutions and mixtures were prepared at least 24 h before 
the measurements. The experiments were carried out at 25 °C. 



Results and discussion 

Rheology 

The viscosity profile as a function of the shear rate is 
shown in Fig. 1 for aqueous mixtures of PANa3C18 with 
PNIPAM or PNIPAMIO. The concentration of the 
NIPAM-based polymers is 1 x 10”^ g/cm^, while the 
concentration of PANa3C18 is 1 x 10“^ g/cm^, slightly 
lower than cq [8]. At this concentration, the viscosity of 
the solutions containing only one of the polymers is 
very low; about 0.01 Pas for PANa3C18 (Fig. 1) and 
even lower for the NIPAM-based polymers (about 
3 X 10~^ Pas for the high-molar-mass PNIPAMIO; not 
shown). 

The viscosity of the PANa3C18/PNIPAM aqueous 
mixture is about 1 order of the magnitude higher than 

Table 1 Characteristics of the A-isopropylacrylamide (NIPAM)- 
based copolymers used in this study 

Polymer A,A-(Dimethylaminopropyl) [;;] x 10^^ 





methacrylamide 
content (mol%)“ 


(cm'/g)'’ 




PNIPAM 


_ 


175 


6.5 


PNIPAMIO 


10 


232 


11 


(high M„) 
PNIPAMIO 


10 


70 


1.5 


(low M„) 









^Average values from potentiometric titration and ’^C NMR data 
*’[17] was measured in a 0.5 M L1N03 aqueous solution at 20 °C. 
The copolymers were in the uncharged basic form. M„ was 
estimated from the relation [>/] = 0.047 M® *’ established for the 
homopolymer PNIPAM under the same conditions [9] 
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that of the pure PANa3C18 aqueous solution. The 
viscosity of this mixture remains Newtonian over a large 
range of shear rate and a slight shear thinning is observed 
above 200 s“\ This viscosity enhancement is attributed 
to the hydrophobic interactions between the octadecyl 
groups of PANa3C18 and the PNIPAM backbone. The 
PNIPAM chains are the nuclei onto which octadecyl 
groups of several PANa3C18 chains are “adsorbed”, 
thus cross-linking the system. In this case, the transient 
network is stabilised only by hydrophobic interactions. 

Compared to the PANa3C18/PNIPAM mixture, the 
thickening properties of the PANa3C18/PNIPAM10 
system are remarkably more pronounced. At low shear 
rate, even the mixture with the low-molar-mass PNI- 
PAM 10 exhibits a viscosity increase of almost 4 orders of 
magnitude. Obviously, the electrostatic attractions be- 
tween the negatively charged PANa3C18 backbone and 
the cationic groups of PNIPAM 10 substantially 
strengthen the interpolymer association and stabilise 
the transient network; however, the viscosity profile as a 
function of shear rate is now remarkably different. The 
Newtonian plateau is restricted to very low shear rates. 




Fig. 1 Viscosity as a function of shear rate for aqueous mixtures 
containing 1 x 10“^ g/cm^ hydrophobically modified poly(sodium 
acrylate) derivative containing 3 mol% octadecyl groups 
(PANaSClS) and 1 x 10“^ g/cm^ poly(V-isopropylacrylamide) 
{PNIPAM) (■), PNIPAM containing 10 mol% cationic groups 
{PNIPAMIO) (low M„) (♦) or PNIPAMIO (high M„) (•). (T): 
pure PANa3C18 aqueous solution 25 °C 



followed by a smooth shear-thickening and finally by a 
strong shear-thinning region. This behaviour is usual for 
HMWSP [1] and it is attributed to the rearrangement of 
the transient network under gentle shearing and to the 
breaking of the interchain aggregates at higher shear 
rates. 

As expected, the viscosity of the mixtures is strongly 
dependent on the polymer concentration. The viscosity 
increases monotonically with PANa3C18 concentration 
when the PNIPAMIO concentration is kept constant 
(data not shown). For instance, the Newtonian viscosity 
increases from 10 to 500 Pas when the PANa3CI8 
concentration increases from 2.5 x 10“^ to I x 10“^ g/ 
cm^, in mixtures containing I x 10”^ g/cm^ PNIPAMIO 
(high Mw). 

The variation of the viscosity of PANa3C18/PNI- 
PAMIO (high M^) mixtures as a function of PNIPAMIO 
concentration, at constant PANa3C18 concentration 
(2.5 X I0~^ g/cm^), is presented in Fig. 2. Each curve 
corresponds to a constant shear rate, ranging from 0.1 to 
100 s“h The viscosity of the mixtures increases with 
increasing PNIPAMIO concentration, passes a maximum 
and decreases for higher PNIPAMIO concentrations. 
When the shear rate is low (0.1 s“'), the viscosity gain at 




Fig. 2 Viscosity as a function of PNIPAMIO (high M„) concentration 
for PANa3C18/PNIPAM10 aqueous mixtures, at various shear rates. 
0.1 s“': (•); 1 s“': (■); 10 s-': (A); 100 s^': (T). (□): Newtonian 
viscosity of PANa3C18/PNIPAM mixtures. 25 °C. The concentration 
of PANa3C18 is 2.5 x 10“^ g/cm^ 
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the maximum is about 3 decades, compared to the 
viscosity of each polymer at the same concentration. 
Such bell-shaped curves, also observed for mixtures of 
HMWSP with proteins [11, 12], are qualitatively ex- 
plained by the change in the cross-linking density with the 
mixture composition. Initially, addition of PNIPAMIO 
increases the number of cross-links and strengthens the 
transient network formed: each PNIPAM chain associ- 
ates with many PANa3C18 chains and vice versa. At 
higher PNIPAMIO concentrations, association of PNI- 
PAMIO with individual PANa3C18 chains is favoured 
and the number of effective interpolymer cross-links 
decreases, making the network looser. Furthermore, 
these interpolymer hydrophobic aggregates are reversible 
and they can easily rearrange when a shear stress is 
applied to the system. Indeed, the viscosity gain decreases 
gradually with increasing shear rate, so at a shear rate of 
100 s“' the viscosity enhancement is much lower (Fig. 2). 

For the sake of comparison, we have also presented in 
Fig. 2 the variation of the Newtonian viscosity as a 
function of PNIPAM concentration for the PANa3C18/ 
PNIPAM system. It is obvious that the PNIPAM 
concentration has little effect on the viscosity of such 
mixtures. This comparison confirms once more fhat the 
combination of electrostatic attractions and hydropho- 
bic interactions is essential for the thickening properties 
of these mixed systems. 



Fluorescence probing 

The fluorescence emission spectrum of pyrene is sensitive 
to the polarity of the microenvironment experienced by 
the probe [13]. In practice, the intensity ratio of the first 
to the third vibrational bands, /1//3, of the fluorescence 
emission spectrum of pyrene is used to obtain informa- 
tion on the existence of hydrophobic microdomains in 
aqueous solution. For instance, the value of the / 1//3 
ratio is about 1.8 in water and decreases to about 1.2 in 
the presence of SDS micelles. 

We applied this method to our systems keeping the 
PANa3C18 concentration rather low, 5 x 10~"^ g/cm^. 
The variation of /1//3 as a function of the PNIPAM or 
PNIPAMIO concentration is presented in Fig. 3. Note 
that at these low concentrations, the aqueous solutions 
containing only one of the polymers exhibit / 1//3 values in 
the range 1.70-1.75, i.e., very close to the value measured 
in pure water (1.75). For the PANa3C18/PNIPAM 
mixtures, / 1//3 decreases very smoothly with PNIPAM 
concentration, indicating no significant formation of 
hydrophobic aggregates. In contrast, on adding PNI- 
PAMIO to the PANa3C18 solution, / 1//3 decreases 
substantially. Thus owing to the electrostatic attractions 
between the two oppositely charged polymers, hydro- 
phobic microdomains are formed by the first addition of 
PNIPAMIO to the PANa3C18 solution. This trend was 




Fig. 3 Variation of / 1//3 with the concentration of PNIPAM (•) or 
PNIPAMIO (high M„) (■), in the presence of 5 x 10“^ g/cm^ 
PANA3C18 25 °C 



also confirmed for mixtures of PANa3C18 with NIPAM- 
based copolymers containing various molar contents of 
charged groups, ranging from 5 to 25 mol%. 



Conclusion 

We investigated the association of a HMPA bearing 
3 mol% octadecyl groups (PANa3C18), with NIPAM- 
based copolymers, containing 10 mol% cationic groups 
(PNIPAMIO) in aqueous solution. The behaviour of 
these mixtures was compared to the behaviour of 
mixtures of PANa3C18 with the homopolymer PNI- 
PAM. In the latter case, hydrophobic interactions 
between the octadecyl groups and the PNIPAM chains 
are the only driving force for interpolymer association. In 
contrast, in PANa3C18/PNIPAM10 mixtures, both elec- 
trostatic attractions between the two oppositely charged 
polymers and hydrophobic interactions between the 
octadecyl groups and the NIPAM sequences favour 
interpolymer association. This leads to important differ- 
ences in the behaviour of the two systems. Namely, 
interpolymer association persists even at very low poly- 
mer concentrations for PANa3C18/PNIPAM 10 mixtures 
and their thickening properties are very pronounced 
compared to the thickening properties of PANa3C18/ 
PNIPAM mixtures under similar conditions. 
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Abstract The phase behavior of a 
hydrophilic A-B-type silicone sur- 
factant, (CH3)3SiO-[(CH3)2SiO]3 g- 
(CH3)2SiCH2CH2CH2-0- 

(CH2CH20)51.6H, Si5.gC3E051.6, 
was investigated by phase study and 
small-angle X-ray scattering 
Si5.8C3E05i,6 forms a micellar cubic 
phase and a hexagonal phase in 
aqueous mixtures. The structure of 
the cubic phase seems to be face- 
centered type. When lipophilic sur- 
factant (Sii4C3E07.8 or SusCgEOy.g) 
is added to Sis.gCgEOsi. e/water 
systems, a transition from the 



hexagonal phase to the lamellar 
phase takes place, owing to a change 
in the hydrophile-lipophile balance 
of the system. The change in the 
surface area per surfactant molecule 
is larger as the polydimethylsiloxane 
chain is longer, even if the EO 
number remains constant. This fact 
is attributed to the coiling of the 
long lipophilic chain in order to 
reduce the entropy loss. 

Key words Phase behavior • 
Small-angle X-ray scattering • Cubic 
phase • Surfactant mixtures 



Introduction 

There is a strong relation between the hydrophile- 
lipophile property of surfactant and the type of self- 
organized structures in water. In the case of poly 
(oxyethylene) (PEO) type nonionic surfactants, the sur- 
factant layer curvature is successively changed from 
negative to positive with increasing EO chain length and 
the types of liquid crystals also change accordingly [1]. In 
nonionic surfactants the length of the hydrophobic part of 
the surfactant is usually limited, therefore, with increasing 
EO chain length the molecular size as well as the Griffin 
hydrophile-lipophile balance (HLB) value increase [2]. In 
order to know the effect of the EIEB on the surfactant 
layer curvature, it would be necessary to increase the 
lipophilic chain length while decreasing the EO chain 
length, keeping the molecular size constant. However, the 
lipophilic parts of conventional hydrocarbon surfactants 
are usually only in the range C8-C18, and we cannot 
change the size of the lipophilic part significantly. 

When homologous surfactants are mixed, usually 
mixed micelles are formed. For example, nonionic 



surfactants having the same lipophilic group form a 
mixed micelle in water; however, there is almost no 
report on the mixing of two surfactants with similar 
molecular sizes but very different HLB values. 

In this context, we studied the effect of added 
lipophilic A-B-type silicone surfactant on the surfactant 
layer curvature in liquid crystals formed in a water- 
hydrophilic A-B-type silicone surfactant. 



Experimental 

Materials 

The series of surfactants with the general formula (CH 3)3 
Si0-[(CH3)2Si0]„_2(CH3)2SiCH2CH2CH2-0-(CH2CH20)„H (SL 
C3E0„) were obtained from Dow Corning-Toray Co, Japan. 
m is the total number of silicon atoms and n is the average number 
of ethylene oxide units. Their purities are 99% for Si 5 . 8 C 3 E 05 i g, 
99.9% for Sii 4 C 3 E 07.8 and 96.2% for Si25C3E07.8- The main 
impurity is unreacted polyether, CH 2 = CHCH 2 - 0 -(CH 2 CH 20 )„H, 
which is soluble in water and is considered to have a negligible 
effect on the phase behavior of concentrated solutions. 
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Structural characterization by small-angle X-ray scattering 

Interlayer spacings were measured using small-angle X-ray scat- 
tering (SAXS) performed with a small-angle scattering goniometer 
with a 15-kW Rigaku Denki rotating anode generator (RINT- 
2500) at 25 °C. 

For the lamellar and hexagonal phases, the peak ratios are 
1:2:3:4... and l:\/3:2:\/7:3. . respectively. The half-thickness of 
the lipophilic part in the lamellar structure, ^l, and the radius of the 
lipophilic cylinder in the hexagonal phase, rn, were calculated by 
the following Equations. [1] 

rh=d(t>i^/2 , ( 1 ) 

/ 2 \ >/2 

'"“'(tsN ■ 

where d is the interlayer spacing and is the volume fraction of 
the lipophilic part. The effective cross-sectional areas per surfactant 
molecule for the lamellar phase, osl, and for the hexagonal phase, 
asH) are given by 

«SL = VL/(iVA?‘L) , (3) 

asH = 2vL/(AArH) , (4) 

where vl is the molar volume of the lipophilic moiety in the 
surfactant and Aa is the Avogrado constant. The values of vl/Aa 
are 0.84 nm^/molecule for Sis.gCs-, 1.89 nm^/molecule for Si^Cs- 
and 3.29 nm^/molecule for Si 25 C 3 - [6]. 

For the calculation of the parameters in the micellar cubic 
phase, it was assumed that spherical micelles are packed in a cubic 
array, so the following relations can be derived [3] 



n = _|_p _|_ /zf ^ 


(5) 


«si = 3vL/(AAri) , 


(6) 



where h, k, / are the Miller indices corresponding to the diffracting 
planes, and the number of micelles per unit cell. 



Phase diagrams 

The surfactants were first melted and mixed and then water was 
added. Homogeneity was attained using a vortex mixer and 
repeated centrifugation through a narrow constriction in the sealed 
sample tube. The phase change was detected by direct visual 
inspection of the samples and with crossed polarizers for birefrin- 
gence. The types of liquid crystals were identified by a video 
enhanced microscope (Nikon X2F-NTF-21) and SAXS. 



Results and discussion 

Phase diagram of Si 5 . 8 C 3 E 05 i .6 water system 

Sis.gCsEOsi.e is a very hydrophilic surfactant and forms 
successively an aqueous micellar solution, a discontinu- 
ous cubic phase, and a normal hexagonal phase with 
increasing concentration, as shown in Fig. 1. The two- 
phase regions between the liquid-crystalline phases and 
the isotropic solution seemed to be very narrow and they 
are not shown in the diagram. Although the hydrophobic 
moiety is larger than a stearyl group, the Kratft 



temperature does not appear and the surfactant is in a 
liquid state in a wide range of composition owing to the 
flexible polydimethylsiloxane chain. The maximum melt- 
ing point of the cubic phase (104 °C) is about 20 °C 
higher than that of a poly(oxyethylene) oleyl ether with a 
similar EO chain [4], indicating that the lipophilic moiety 
has an effect on the stability of the mesophases. The 
cloud point phenomenon occurs at very high tempera- 
tures (above 110 °C), indicating the highly hydrophilic 
character of the surfactant. 

The interlayer spacing of each liquid crystal was 
measured by SAXS. The four peaks resolved in the cubic 
phase showed spacing ratios of v/3:\/4;\/8:\/TT- It is 
considered that these peaks represent diffractions from 
the (1 1 1), (2 0 0), (2 2 0), and (3 1 1) planes, respec- 
tively, that correspond to a face-centered-cubic structure. 
This kind of cubic structure has been found in trisiloxane 
PEO surfactant/water/oil systems [5]. The effective cross- 
sectional area per surfactant molecule and the radius of 
the lipophilic part of the micelle in the Ii phase were 
calculated assuming four micelles per unit cell {n^ = 4 in 
Eq. 5). The results are shown in Fig. 2. Both and r do 
not significantly change with water content, suggesting a 
small variation in the hydration of the EO groups. The 
values for the radius of the lipophilic core of the micelles 
in the hexagonal phase, Th are close to the fully extended 
length of the Sis.gCj" chain, /max =2.1 nm [6], indicating 
that the polydimethylsiloxane chains are quite stretched 



II 




^^5.8^3^^51.6 / Wt.% 

Fig. 1 Phase behavior of Si 5 . 8 C 3 E 05 i. 6 /water systems. W^: micellar 
solution; I\. cubic phase; Hi', hexagonal phase; S', solid region; II'. two- 
phase region 
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Fig. 2 Small-angle X-ray 
scattering (SAXS) data for 
Sis.gCsEOsi. 6/water systems at 
25 °C. Interlayer spacing, d 
{squares)', effective cross-sec- 
tional area per surfactant mol- 
ecule, Us {circles)', radius of 
lipophilic cylinders in the hex- 
agonal phase, ri {triangles)', ra- 
dius of the lipophilic core of 
micelles in the cubic phase, r, 
{crosses). <j>h is the volume 
fraction of the lipophilic part in 
the system 
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in the Hj phase. On the other hand, the micellar radius in 
the Ii phase, ri, exceeds /max- One possibility is that the 
micelles are not completely spherical; another is that 
some of the headgroups are embedded in the lipophilic 
chains [ 7 ]. 



Phase change by mixing with SimC3E07.8 

When part of the hydrophilic surfactant Sis.gCBEOsi .e is 
replaced with a lipophilic one with a similar molecular 
weight, Si^CgEOv g, a phase transition from Hi to the 



Sii 4 C 3 E 07 8 +Si 5 8 C 3 EO 51 g , 30% water 




0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 



lipophilic/ hydrophilic surfactant , molar ratio 

Fig. 3 Schematic phase behavior of Si 5 . 8 C 3 E 05 i g/SiHCsEOv.g/water 
and Si5.8C3E05i.6/Si25C3E07.g/water systems at 25 °C. The water 
weight fraction is kept at 0.3. M is a multiphase region 



lamellar (Eo,) phase takes place as shown in Eig. 3 . This 
phase transition can be attributed to a change in the HEB 
of the surfactant mixture. Eurther addition of lipophilic 
surfactant leads to phase separation. Although both are 
PEO-type silicone surfactants, the lipophilic surfactant 
cannot participate to form aqueous micelles with hydro- 
philic surfactant owing to the difference in the lipophilic 
chain length. 

When the number of polydimethylsiloxane groups of 
the lipophilic surfactant is increased from 14 to 25 
keeping the EO number constant, the HpEa transition 
and the phase separation are shifted to lower lipophilic 
surfactant molar ratios. This indicates that the lipophilic 
chain length has an effect on the curvature of the 
aggregates and also that the surfactant molecules are 
more incompatible to form aggregates. 

Phase separation took the place upon addition of a 
small amount of lipophilic surfactant to the cubic phase 
of Si5.gC3E05i.6 system and the one-phase region was 
narrow; therefore, it was decided to carry out the SAXS 
study on the hexagonal phase. 



Structural change during the phase transition 

The interlayer spacings of each liquid crystal were 
measured in the Si5,8C3E05i.6-Sii4C3E07,8 and 
Si5.8C3E05i,6-Si25C3E07.8 systems and the mean values 
for the effective cross-sectional area, the radius of the 
cylindrical micelle, and the half-thickness of bilayer 
were calculated as shown in Pig. 4 . Us decreases with 
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 



lipophilicihydrophilic surfactant , molar ratio 

Fig. 4 SAXS data for Sis gCsEOsi e/SinCsEOv s/water and Si5.8C3 
E05i.6/Si25C3E07.8/water systems at 25 °C. Interlayer spacing, d 
{squares)', effective cross-sectional area per surfactant molecule, 
(circles)', radius of lipophilic cylinders in the hexagonal phase, ch 
(triangles)', lipophilic thickness in the lamellar phase, (diamonds). 
Si 5 . 8 C 3 E 05 i. 6 /Sii 4 C 3 E 07 . 8 /water (open symbols)', Si5.gC3E05i.6/Si25. 
C 3 E 07 .g/water (filled symbols) 



increasing Sii4C3E07.g ratio within the Hi and La 
phases. This means that the surfactant curvature 
decreases by adding lipophilic surfactant with almost 
the same molecular size, but different HLB number. In 
this process, the hydrophobic part is elongated in the 
aggregates. Interestingly, the Hi -La transition takes 
place when the radius of the cylindrical micelles, ?'h, 
almost reaches the value for the fully extended length of 
the Si^Cj" chain, /max = 3.9 nm [ 6 ]. 



When Si^CsLOv g is replaced by SiasCgLOv.g, the Si 
chain length of the lipophilic surfactant is increased 
keeping the LO chain length constant. Again a^ decreases 
and Th and Tl increase with increasing Si25C3L07.g ratio 
within the Hi and La phases. However, Th and Tl show 
practically no change when compared with the 
Sii4C3L07.8 system, even if the lipophilic chain is almost 
twice as long. This means that the Si chain is coiled in the 
aggregates. As a matter of fact, the actual Si chain length 
is less than half of the fully extended length of the Si25C3^ 
chain, /max = 6.7 nm [ 6 ]. It can be seen in Lig. 4 that a^ 
increases with increasing lipophilic chain length even if 
the LO chain length is fixed. According to polymer 
theory [ 8 ], a long polymer chain has a short, bulky shape 
compared with a short polymer chain, because the 
entropy loss is very large when a long chain is in its 
extended form. Namely, it is energetically unfavorable 
for the long lipophilic chain to pack in a cylindrical 
micelle because the chain has to be elongated. Hence, at a 
certain point, the phase transition takes place to expand 
the Us and to decrease the radius. The bulky conforma- 
tion of the Si25 chain increases the steric repulsive 
interactions and induces a larger a^ when compared with 
the Sii4 chain. 



Conclusions 

A phase transition from the hexagonal phase to the 
lamellar phase is induced by adding lipophilic silicone 
surfactant (Sii4C3L07.8 or Si25C3E07.g) to a hydrophilic 
one (Sis.gCgEOsi g). The effective cross-sectional area per 
surfactant molecule increases with the Si chain length 
even if the LO number is constant since the lipophilic 
moiety becomes coiled and bulky, increasing the steric 
repulsive interactions between the surfactant molecules. 
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Abstract Polymer-surfactant solu- 
tions, in which the surfactant mole- 
cules interact strongly with the 
polymer chains forming polymer- 
bound micelles above the critical 
association concentration, are used 
as media for inorganic precipitation 
reactions. The formation of PbS is 
used as a prototype reaction with 
unexpected results. Under a wide 
range of conditions, the PbS crys- 
tallites initially produced evolve into 
a range of metastable structures 
composed of PbS and lead dodecyl 
sulfate. X-ray diffraction and trans- 
mission electron microscopy serve as 
valuable tools to study the evolution 
of the crystallizing system in detail. 



The coexistence of three different 
colloidal particles (polymers, sur- 
factant micelles and inorganic na- 
nocrystals) leads to extremely 
complex behavior. The present work 
highlights the significance of cou- 
pling colloidal aggregation to ionic 
equilibria, and introduces polymer- 
surfactant solutions as a new med- 
ium for the study of inorganic 
crystallization reactions and the 
production of organic-inorganic 
nanocomposite materials. 

Key words Nanocrystals • 
Polymer-surfactant aggregates • 
Metastable structures • 

Electron microscopy 



Introduction 

One of the “Eloly Grails” of materials science is to 
achieve perfect control over the size, overall shape and 
morphology of crystals used in the production of 
technologically interesting materials [1]. With the 
revolution of nanotechnology a remarkable array of 
methods to control the size and monodispersity of small 
compact crystals has appeared. It has proved much more 
difficult to tailor the shape and morphology of crystals 
[1]. Because of a strong interfacial energy component to 
the free energy of a growing crystal, the preferred shape is 
almost always compact (spherical, cubic, normal poly- 
hedral). The use of soft colloids (micelles, microemul- 
sions, Langmuir-Blodgett films, lyotropic liquid crystal, 
polymer solutions and phases) as templates for inorganic 
crystallization has attracted considerable attention in 
recent years [2, 3, 4, 5]. Block copolymers [4] and 
polyelectrolyte-surfactant gels [5] have already been used 



with some success in this respect, and morphology 
control has been reported in some cases. We focus our 
present discussion on polymer-surfactant systems as 
novel media for inorganic crystal growth. We use the 
reaction between Pb^^ and ions for the formation of 
PbS as a prototype reaction to examine the effect of the 
organization of the solution on the shape of the reaction 
product. PbS is in itself an interesting material, being a 
semiconductor with a wide range of potential application 
[6]. Recent work has shown that the shape and overall 
morphology of PbS nanocrystals can indeed be con- 
trolled by templating phenomena in systems in involving 
a strong interaction of Pb^^ ions and a moiety of the 
template [7]. 

This investigation started some years ago, when we 
examined the size and shape variation of PbS nanocrys- 
tals formed in poly(ethylene oxide) (PEO) sodium 
dodecyl sulfate (SDS) solutions [8]. It was realized that 
the use of relatively low polymer and surfactant 
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concentrations but a high concentration results in 
coprecipitation of PbS crystals and polymer in the form 
of a gel [8]. Upon variation of the composition of the 
crystallizing system, taking into account the known 
physicochemical characteristics of polymer-surfactant 
solutions [9], we obtained an organic/inorganic compo- 
site material in the form of long rodlike particles, which 
evolved into a layered structure with time [10]. This 
complex behavior was subsequently investigated in detail 
[11]. It was concluded that the surfactant (SDS) forms a 
precipitate itself, since it interacts strongly with the Pb^ ^ 
cation, and that under appropriate conditions the 
organic precipitate may predominate. The presence of 
many possible precipitates and the interconversion of 
one to the other gives rise to complex dynamic 
phenomena and to the appearance of many metastable 
or even unstable product structures that exist “in 
transition”. The purpose of this work is the further 
study of some of these structures using a set of methods, 
among which transmission electron microscopy (TEM) 
plays a central role. 



Why use polymer-surfactant solutions 
as crystallization media 

The micelles formed in the PEO/SDS or poly(vinyl 
pyrrolidone) PVP/SDS systems have been particularly 
well characterized in the last 30 years [12] and have 
become a standard reference system. We decided to use 
polymer-surfactant solutions as crystallization media for 
PbS on the basis of the following considerations: 

1. Counterions are strongly absorbed on micellar 
surfaces of the opposite charge; hence, crystallization 
occurs at a much faster rate at the surface of the 
micelles. Heterogeneous nucleation should be the 
main, if not the only, PbS crystal formation process in 
such a system. 

2. The spatial confinement of the micelles should have a 
strong influence on the crystallization process. By 
fine-tuning the composition of the reactants and the 
polymer-surfactant system, we may achieve nuclea- 
tion of PbS almost exclusively in the domains of the 
solution occupied by polymer chains. Because of this, 
the nature of the polymer solution (dilute versus 
semidilute) is of the utmost importance. 

3. Pb^^ is known to precipitate the surfactant (SDS); 
hence, it may be possible to influence the crystal- 
lization conditions towards various possible products 
by tuning the pH and the solntion composition. 

4. The polymer can act as a stabilizer for the crystal 
dispersion, preventing the direct precipitation of the 
product. On the other hand, the polymer can help to 
connect the crystals into loose floes through bridging 
flocculation [13]. 



Experimental 

Materials 

PEO was from Polysdences, with a molecular weight of 2 x 10^, 
and was used as received. PVP of molecular weight of 3.6 x 10^ was 
from Sigma and was used as received. SDS (99% purity) was 
obtained from Sigma or Fluka and was used without further 
purification. Na2S-9H20, Pb(N 03 ) 2 , Pb(CH3C00)2'3H20 and 
other salts, acids and bases were purchased from Sigma and were 
used as received. 

Procedures for carrying out the crystallization 
experiments 

In a typical experiment, the ratios of the two components in the 
polymer/SDS system are selected so that the system contains 
mostly polymer-bound micelles (no free micelles). SDS concentra- 
tions between 4 and 8 mmol/1 were employed in most experiments. 
PEO or PVP solutions with polymer concentrations between 3 and 
15 g/1 were employed. In this concentration range, the polymer 
solutions range from dilute to semidilute. To these solutions Pb^^ 
salts were added (lead acetate or lead nitrate, to a final total Pb(II) 
concentration of 3^ mmol/1) and subsequently S^^ ions (sodium 
sulfide, to a final total S(II) concentration of 3-4 mmol/1). The pH 
value of the solutions was adjusted with concentrated nitric or 
acetic acid for acidic solutions and with sodium hydroxide or 
sodium acetate for basic solutions. After the initial addition of lead 
ions, the polymer/SDS solution became cloudy because of the 
association of Pb^^ with SDS. Upon addition of S^^ the solution 
immediately acquired a brown-black color. The colloidal particles 
formed remained in suspension at room temperature (20-25 °C) 
without stirring, being stabilized by the surfactant and by the 
polymer chains. Direct dipping of Formvar-covered copper grids 
provided samples for TEM work. Small amounts of the reaction 
solution were periodically withdrawn and analyzed by UV 
spectroscopy. Powder samples for X-ray diffraction (XRD) were 
obtained mostly by vacuum filtration of the colloidal solutions 
using filters with pore diameters of 0.2 or 0.5 fim, and in some cases 
by prolonged centrifugation. The solids were always washed with 
large amounts of water and dried at atmospheric pressure and 
room temperature for at least 24 h. 

Spectroscopic investigation 

UV spectra of the reaction solutions were obtained with a 
Shimadzu 160A UV-vis spectrophotometer. 

X-ray measurements 

X-ray powder diffraction spectra were obtained using a Siemens 
D5400 diffractometer at room temperature with CuKot radiation 
(1.54 A). 

Electron microscopy 

The electron microscopy work was performed at the Institute of 
Neurology and Genetics, Cyprus, using a JEOL-lOlOA instrument, 
with an acceleration voltage of 80 kV. 



Investigation of evolution of reaction products 

Negatively charged SDS micelles were initially formed on 
the polymer chains. A Pb(II) salt was subsequently 
added. As long as the concentration of Pb(II) is less than 





59 



the stoichiometrically required amount for complete 
precipitation of lead dodecyl sulfate [Pb(DS) 2 ], the 
ions added are concentrated near the micelles because 
Pb^^ interacts strongly with SDS and also for micellar 
neutralization (double-layer effect [14]). Addition of 
Na 2 S leads to fast nucleation of PbS crystallites mainly 
along the contour of the polymer chain since Pb^^ is 
found almost exclusively there. The crystals do not 
precipitate, since their surface is saturated by surfactant 
molecules, and they are further stabilized by the polymer. 
However, the crystals aggregate through a bridging 
flocculation mechanism mediated by the polymer chains, 
forming characteristic aggregates, which can be either 
compact or loose and floclike, depending on the polymer 
concentration. At longer times, organic superstructures 
start forming either around or from within the initial 
aggregates. Previous work [11] showed that a slow 
transformation takes place, with dissolution of the PbS 
aggregates and incorporation of lead ions into a lamellar 
superstructure of Pb(DS) 2 . A typical PbS aggregate 
formed in a PEO/SDS solution is shown in Fig. la and 
Fig. lb shows Pb(DS )2 particles developed in a similar 
solution, the pH of which was reduced to a value of 
approximately 4.0 by addition of acetic acid. The XRD 
patterns corresponding to these two aggregates are 
shown in Fig. 2. Figure 2b reveals the clear layered 
structure of Pb(DS) 2 , with a spacing of 31-32 A, while 
Fig. 2a, corresponding to the PbS aggregates, also shows 
signatures of layers with three characteristic spacings, 
40.5 ± 2.0 - at higher wavelengths (not shown here) the 
Pbs signals are very weak! The value of 40^2 A is close 
to twice the fully extended length of an SDS molecule, 
indicating either that the core of the “PbS” aggregates 
must consist of surfactant layers or that layers form on 
the outside of the PbS particles. The transition from one 
of these structures to the other is slow and follows a 
pathway that depends strongly on the pH and the 
polymer type and concentration. Figure 3 shows a loose 
aggregate of PbS particles formed at neutral pH in a 
dilute PEO solution (0.5% by polymer weight), in which 
the aggregation process is slow since the individual 
chains do not interpenetrate and do not allow the 
crystallites that “decorate” them to mix and aggregate. 
However, the organic growth is clearly visible in Fig. 3, 
connecting PbS particles in the form of a ladder. At 
acidic pH, where Pb(DS )2 predominates, the organic 
structure envelopes the fewer PbS particles completely, 
giving rise to microbelike particles (Fig. 4). Other exotic 
possibilities of transition structures exist, some of which 
were examined in our previous work [11]. The 
transformation of PbS to Pb(DS )2 is a generic phenom- 
enon which is observed with polymers other than PEO. 
The remarkable dendritic growth of the organic structure 
which originated from small PbS aggregates in a PVP/ 
SDS solution is shown in Fig. 5. PVP systems are 
generally “slower” than PEO systems, probably because 



the strong complexation of Pb^^ by PVP leads to the 
formation of fewer PbS particles. This is seen from the 
UV spectra in Fig. 6 obtained for reactions in PEO/SDS 




Fig. 1 Transmission electron microscopy (TEM) micrographs of a a 
typical PbS aggregate from the precipitation reaction between lead 
acetate and sodium sulfide in the poly(ethylene oxide) (PifO)/sodium 
dodecyl sulfate (SDS) system 5 days after reaction onset and b a 
typical lead dodecyl sulfate [Ph(DS) 2 ] rodlike particle formed in the 
same system 2 weeks after reaction onset 
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Fig. 2 X-ray diffraction patterns of the product obtained from the 
PEO/SDS solutions 5 days after reaction onset, presumably 
corresponding to the structure in ^ Fig. la (a), and of Pb(DS )2 
structures with the characteristic 32-A spacing (h) 





Fig. 4 TEM micrograph of structures obtained in the PEO/SDS 
system at pH ~ 4.0, 4 days after reaction onset. The organic structure 
develops surrounding small PbS particles that act as nucleating centers 



We are currently investigating the production of 
sulfides of Cu^ ^ , Co ^ and Cd^ ^ in PEO/SDS solutions. 
In all these cases, aggregation of primary inorganic 
particles is typically observed, with rodlike aggregates or 
tactoids being formed [15]. At least in the case of Cu^^ 
we can safely say that the initial Cu;^^ is transformed to 
Cu(DS) 2 , rather fast, which is very surprising since 
Cu(DS )2 is a relatively soluble substance. 



Summary 



Fig. 3 TEM micrograph of loose PbS aggregates in a dilute (0.5%) 
PEO solution. The growth of organic material between the original 
PbS particles is clearly visible 



and PVP/SDS solutions with identical compositions 1 
day after the onset of the precipitation reaction. PbS 
absorption is clearly smaller in the PVP case, while the 
higher peak at 210 nm indicates that a larger percentage 
of Pb^^ was not reacted. 



It appears that polymer-surfactant solutions interfere 
with the crystallization of inorganic materials in multiple 
ways. The surfactant interacts strongly with the cation of 
the inorganic salt, participates in the crystallization 
reaction and leads to completely different - and some- 
times unexpected - products. It has also been observed 
before that inorganic reactions in organized surfactant 
systems may yield unexpected results if the surfactant 
participates in the reaction [16]. The role of the polymer 
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Fig. 5 TEM micrograph of dendritic organic growth originating from 
PbS particles in a poly(vinyl pyrrolidone) (PVP)/SDS solution 10 days 
after reaction onset 



type is significant and multifaceted. Strong interaction 
with the surfactant molecules ensures that the subsequent 
nucleation and crystallization will be largely localized in 
the vicinity of polymer chains. Cation complexation by 
the polymer may lead to slower reactions and even 
influence the final products, as it affects important species 
equilibria. Polymer concentration is also important. 
Apparently, chain interpenetration in semidilute solu- 
tions allows a faster bridging flocculation process and a 




Fig. 6 UV spectra of reaction solutions 1 day after onset for the PEO/ 
SDS and for the PVP/SDS system 

fast formation of the aggregates that eventually evolve 
into the layered structures observed in this work. 
Although dilute solutions provide isolated reaction 
pockets in the solution, subsequent aggregation of the 
primary particles and organic structure formation and 
growth are faster in semidilute solutions. The aggrega- 
tion of primary nanocrystals is a typical phenomenon in 
polymer-surfactant solutions, which provide a largely 
unexplored terrain for inorganic chemistry and materials 
synthesis. 
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Abstract Acrylic copolymers have 
been widely used in the past for the 
surface coating of porous materials 
of artistic/architectonic interest. In- 
formation on the alteration of the 
physicochemical properties of the 
porous materials is quite scarce. In 
this study we showed that the sur- 
face area, the contact angle, the 
water vapour permeability, and the 
capillary rise profiles of aerial mor- 
tar specimens were strongly modified 
by coating the surface sample with 
these copolymers. Therefore, a cru- 
cial topic is the development of a 
suitable method to remove these 
copolymers from the surfaces of the 
work of art/architecture. Moreover, 
fluorescence spectra collected from 
these acrylates photochemically aged 
by UV radiation indicated an alter- 
ation of the chemical structure en- 
hancing the difficulty in removing 
the coating layers. We succeeded in 
developing two different four-com- 
ponent oil-in-water (o/w) micro- 
emulsions where the oil phase was 



p-xylene: the first using Tween 80 as 
surfactant and 1,2-propandiol as 
cosurfactant and the second with 
sodium dodecyl sulfate and 1-pent- 
anol. These o/w microemulsions 
were shown to be able to solubilize 
and remove acrylic copolymers from 
the surface of porous materials con- 
stituted of aerial mortar. The mi- 
croemulsions were tested during the 
restoration of the wall paintings by 
Spinello Aretino in the Cappella 
Guasconi in the San Francesco 
church, Arezzo. Scanning electron 
microscopy images, Fourier trans- 
form IR spectra and energy-disper- 
sive X-ray data indicated that the 
removal of the hydrophobic poly- 
meric resins from the painted surface 
was very satisfying without any 
negative side effects. 



Key words Microemulsion(s) • 
Acrylic copolymer(s) • Cultural 
heritage conservation • Porous 
Materials 



Introduction 

The principal aim of this study was the development of 
oil-in-water (o/w) microemulsions effective in the solu- 
bilization of acrylic copolymers. These copolymeric 
substances have been widely used in cultural heritage 
conservation since 1960. They have mainly been applied 
as protectives, consolidants and adhesives for different 
kinds of porous materials [1]; several of these copolymers 



are constituted of acrylic monomers such as ethyl 
acrylate (EA), methyl acrylate (MA), methyl methacry- 
late (MMA), ethyl methacrylate (EMA), «-butyl meth- 
ylacrylate (nBMA) and isobutyl methylacrylate (iBMA) 
in different molar ratios. The most critical aspect 
associated with the use of these materials is ageing [2]; 
due to both thermal degradation and photochemical 
reactivity, these substances are subjected to depolymer- 
ization and/or cross-linking reactions [3, 4]. The features 
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observed are the change in the polychromy of the surface, 
the formation of microfractures called “craquelets” and 
an alteration of the properties of the interface between 
the work of art and the environment. All these effects 
suggest that their removal from the painted surfaces is 
both useful and important. Another consequence of 
these processes is the drastic loss of solubility of the 
copolymers [2] owing to photochemical ageing: this leads 
to several difficulties in their removal from the surfaces of 
the work of art/architecture. At present the most widely 
used method is based on the application of solvents such 
as xylenes or chloro derivatives. This technique has two 
main negative side effects related both to the toxicity of 
these compounds and to the spreading of the solubilized 
materials into the porous support. In order to overcome 
these contraindications, we tried to develop a new 
method based on o/w microemulsions. We selected 
/7-xylene [5, 6] as the dispersed phase, since this solvent 
is very powerful in the solubilization of these acrylic 
copolymers in bulk [7]. With this method we expected to 
achieve two different results: reducing the toxicity of the 
solubilizing agent and inhibiting the copolymer penetra- 
tion into and spreading over the porous support. 
Furthermore, the work was also aimed at the character- 
ization of some porous materials (aerial mortar 
specimens) affected by these copolymers to investigate 
how the physicochemical properties of the coating 
support are altered and modified by the copolymers, 
even simulating photochemical ageing by UV radiation. 



Results and discussion 

The behavior of some physicochemical parameters 
measured for aerial mortar samples before and after the 
coating by three different acrylic copolymers was studied. 
The porous samples were prepared in the laboratory by 
putting an aerial mortar on a 5 x 5 x 2-cm brick; the 
aerial mortar was obtained by mixing pure quartz sand 
with slaked lime [mixture of Ca(OH) 2 /water about 0.8 w/ 
w] in a 1:3 ratio (v/v) of slaked lime to quartz. The 
application of the copolymers was done 90 days after the 
preparation of the mortar in order to ensure the 
carbonation of Ca(OH )2 and the consequent hardening. 
During this period all the samples were maintained at 
controlled environment conditions (25 ± 1 °C, relative 
humidity of 52% ± 1). The copolymers were uniformly 
applied on the surface of the samples using a brush as 
/7-xylene solutions in the case of EMA/MA 70/30 and 
EA/MMA 60/40 (4% by weight) or water emulsions in 
the case of nBMA/iBMA 50/50 (4% by weight). The 
specific amount of the copolymer coating the surface is 
indicated in the third column of Table 1 for two 
subsequent applications of each polymeric resin. 

The specific area, obtained with the nitrogen absorp- 
tion method [8], the water vapor permeability, the 



capillary adsorption coefficient, calculated according to 
the procedure reported in the literature [9, 10], and the 
contact angle for a water drop (10 ^\) on the mortar 
surface [11] are given in Table 1. From Table 1 we 
deduce a significant alteration of each parameter. This 
infers a drastic change in the physicochemical properties 
of the work of art/environment interface. In particular, 
the treatment with the copolymers strongly modified the 
hydrophilicity/hydrophobicity properties of the surface 
as indicated by all the parameters reported in Table 1. 
The main consequence is a loss of both wettability, 
expressed by contact angle values, and water transpira- 
tion (see water vapor permeability and capillary adsorp- 
tion coefficient values in Table 1). In particular the 
decrease in water transpiration can dramatically alter the 
conservation of wall paintings. 

The capillary rise absorption profiles [9] for samples 2 
and 3 (see Table 1) are shown in Fig. 1. The main effect is 
the presence of an induction time, shown by the 
sigmoidal shape of the curve and the decrease of the 
slope of the straight line portion of the curves. This 
allowed the decrease in the rate of water absorption 
caused by the copolymer coating to be quantified. 
Another feature deduced from Fig. 1 is the decrease in 
the maximum amount of water absorbed (the value of 
the flat asymptote at long times). All these data indicated 
the alteration of the surface properties of the porous 
materials investigated after the application of the co- 
polymers. Since recent advances in conservation science 
have shown that a work of art/architecture should be 
restored according to the rule that the introduction of 
foreign materials must be avoided, the first task of a 
restoration procedure consists of solubilizing and re- 
moving the copolymers from the surface. As indicated 
earlier, the main problem associated with this operation 
is related to the decrease in the solubility of the 
copolymers as a result of their ageing. The effect of UV 
radiation on the copolymer coating is shown in Fig. 2. A 
simulated accelerated ageing was carried out with 20 h of 
exposure of the mortar sample surface coated by 
poly(EMA/MA) to UV radiation from a 150-W medi- 
um-pressure Hg lamp [3, 12]. The distance between the 
light source and the sample was about 20 cm. The 
fluorescence spectra of the sample surface were recorded 
using a Spex Fluorolog-2 FL 112 spectrofluorimeter 
equipped with a fiber optic accessory. The fluorescence 
emission band of the copolymer before (maximum at 
279 nm) and after UV exposure (maximum at 460 nm) is 
shown in Fig. 2. The new band at 460 nm could be 
ascribed to photooxidation processes that cause the 
formation of oxygen bridges between the different chains 
of the copolymer [3]. 

Two o/w microemulsions were chosen for the extrac- 
tion of the copolymers. The dispersed phase selected was 
/7-xylene, a solvent very effective in the solubilization of 
acrylic polymers in bulk. The amount of oil never 
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Table 1 Behavior of capillary 
absorption coefficients (CA), 
water vapor permeability (WP), 
specific surface area (5^) and 
contact angle (6^) for aerial 
mortar specimens coated by 
acrylic copolymers; methyl 
acrylate (MA), methyl 
methacrylate (MMA), ethyl 
methacrylate {EM A), «-butyl 
methylacrylate (nBMA) and 
isobutyl methylacrylate (iBMA) 



Acrylic 

copolymers 


Samples 


Specific amount 
of copolymer 
(mg/cm^) 


CA 

[(g/cm") s'/2] 


WP 

(g/m^ 24 h) 


SA (m^/g) 


(9c (degree) 


Not coated 


1 


— 


0.050 


311 


2.5 


— 


sample 

EMA/MA 


2 


1.9 


0.015 


280 


3.0 


83 


70/30 


3 


4.1 


0.014 


241 


2.3 


109 


EA/MMA 


4 


1.9 


0.017 


277 


2.5 


86 


60/40 


5 


4.9 


0.030 


226 


2.7 


103 


nBMA/iBMA 


6 


1.9 


0.016 


272 


2.2 


85 


50/50 


7 


4.1 


0.013 


219 


2.5 


110 




0 10 20 
Time 



Fig. 1 Capillary rise profiles for aerial mortar specimens coated with 
different amount of copolymer of ethyl methacrylate and methyl 
acrylate \poly( EMAj MA)]: no coating (squares), 1.9 mg/cm^ coating 
copolymer (triangles), 4. 1 mg/cm^ coating copolymer (circles) 




200 



400 600 

X (nm) 



800 



Fig. 2 Fluorescence spectra of the mortar specimen surface: no 
coating (continuous line)', poly(EMA/MA) coating (dotted line); 
poly(EMA/MA) coating after UV irradiation (dashed line). The 
spectra were obtained by exciting the sample at 255 nm 



exceeded 10% by weight [5-7]. The compositions of the 
o/w microemulsions are indicated in Table 2. 

To verify the efficacy of these systems in copolymer 
solubilization, we applied the o/w microemulsions on the 
surface of either aerial mortar samples or frosted glass 
specimens, both coated by a thin layer of copolymer. To 
simulate their photochemical ageing the samples were 
irradiated with the same lamp as described previously for 
20 h. Water contact angle measurements were carried 
out to follow the decrease in the value of this parameter 
after the application of the microemulsions: we quanti- 
fied this decrease as 20% [13]. The resulting increase in 
the hydrophilicity of the surface supported the extraction 
of the acrylic coating. Scanning electron microscopy 
(SEM) analysis confirmed that these dispersed systems 
were highly effective in solubilizing and extracting the 
copolymer films from the glass surface. The opportunity 
to test this method in a real case of wall painting 
conservation occurred on the occasion of a restoration 
workshop in Arezzo (Guasconi Chapel - San Francesco 
church). The experiment was carried out on Spinello 
Aretino’s frescoes (fourteenth century) treated with 
acrylic copolymers on the surface during the restorations 
carried out about 30 years ago. The presence of these 
acrylic copolymers was ascertained both by microreflec- 
tance Fourier transform IR analysis and by optical 
microscopy in grazing light. Microemulsions A and B 
(Table 2) were applied by means of cellulose wood 
poultice compresses [14], with an application time of 
about 2.5 hrs during this period the external temperature 
was 17-18 °C. After this application the treated surface 



Table 2 Composition by weight percent of the oil-in-water mi- 
croemulsions selected for solubilization of acrylic copolymers 



Components 


Composition 


Components 


Composition 




Microemulsion 




Microemulsion 




A 




B 


Tween 80 


2.7 


Sodium 


4.1 






dodecyl 

sulfate 




1,2-Propandiol 


1.9 


1-Pentanol 


7.9 


Water 


92.7 


Water 


85.4 


p-Xylene 


2.7 


p-Xylene 


2.6 







66 



was repeatedly washed with deionized water to remove 
residual traces of the surfactants. Two small samples 
were taken before and after the application of the 
microemulsions. The SEM micrographs obtained from 
these samples are shown in Fig. 3. 

The SEM image of the surface of the fresco before the 
application of microemulsion B is shown in Fig. 3a: the 
presence of the acrylic copolymer smoothes the natural 
roughness of a wall painting surface owing to the perfect 
adhesion of the polymeric film onto the fresco surface. 




Fig. 3 Scanning electron microscopy micrographs of the painted 
surface of a microsample from the Spinello Aretino frescoes: 
before the test {a) and after the application of microemulsion B (h) 
(Table 2) 



Figure 3b refers to the micrograph collected from the 
surface of the sample taken from a region of the mural 
painting where microemulsion B had been applied. The 
roughness is now perfectly evident, indicating that the 
o/w microemulsion tested showed good performance in 
solubilizing and removing acrylic copolymers from 
painted surfaces. No peaks typical of acrylic copolymers 
were detected in the Fourier transform IR microreflec- 
tance spectra collected from the surface of these samples, 
suggesting the cleaning of the painting surface. Even 
microsamples from the inner layers of the mural painting 
did not show spectroscopic features attributable to 
acrylic compounds, confirming the complete removal of 
the coating films. 



Conclusions 

This study showed that the application of acrylic 
copolymers as coating agents onto the surfaces of porous 
materials greatly alters both the physicochemical prop- 
erties of the porous material/environment interface and 
the surface morphology. Flsually to remove them from 
surfaces of artistic/architectonic interest solvents such as 
/7-xylene, toluene or chloro derivatives are used. For this 
operation we developed a new method based on the 
application of some o/w microemulsions. The dispersed 
phase was constituted of /7-xylene, while the surfactant 
and cosurfactant were Tween 80/1,2-propandiol and 
sodium dodecyl sulfate/l-pentanol, respectively. We 
verified their efficacy in cleaning aerial mortar and 
frosted glass specimens in laboratory experiments. We 
also tested these systems to extract copolymer layers 
from wall paintings. The results achieved indicated fair 
efficiency in removing the naturally aged copolymers 
from the painted surfaces and we think that this method 
could open interesting research perspectives both in the 
field of cultural heritage conservation and in the 
technological application of large interface systems. 
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Abstract The kinetic stability of 
dispersions of Ca(OH)2 particles (1- 
2 /tm) in short-chain aliphatic alco- 
hols was investigated. The alcohols 
were shown to strongly enhance the 
kinetic stability with respect to wa- 
ter. Ca(OH)2 crystalline nanoparti- 
cles were also synthesised at 60 °C 
from aqueous supersaturated solu- 
tions. The nanoparticles were char- 
acterised by scanning electron 
microscopy and atomic force mi- 
croscopy techniques. The kinetic 
stability of the Ca(OEI)2 nanoparti- 
cle dispersions was higher than that 



of the micron-sized particles. Dis- 
persions of the nanoparticles in 
1 -propanol were successfully tested 
as consolidating on aerial mortar 
and carbonatic stone specimens. 
Applications of these dispersions on 
carbonatic stones presenting flaking 
and powdering from architectonic 
sites in Rome and near Padua gave 
positive results. 

Key words Calcium hydroxide • 
Solid-liquid dispersions • Colloidal 
particles • Cultural heritage 
conservation 



Introduction 

The effect of organic additives on the stability of solid/ 
liquid aqueous dispersions has been studied extensively 
with the aim of understanding the mechanisms of 
interaction between the organic molecules and the 
solid/liquid interface including the charged double layer 
[1, 2]. In contrast, there are relatively few studies [3] on 
solid/liquid organic dispersions and the extension of the 
Derjaguin-Landau-Verwey-Overbeek theory to nona- 
queous systems is only qualitative [4]. In particular, 
dispersions of inorganic solids in organic media have 
been studied for AI2O3 and Al(OH)3 in short-chain 
aliphatic alcohols [5] and for several inorganic solids in 
xylene [6]. In this field we were interested in Ca(OH)2 
dispersions for possible application in cultural heritage 
conservation [7]. One of the aims of this study was to 
investigate the effect of the continuous phase - water and 
short-chain aliphatic alcohols - on the kinetic stability of 
the dispersions. 

On the other hand, we were also interested to check 
the effects of the particle size on the stability of the 



dispersions and to try to synthesise Ca(OH)2 nanopar- 
ticles. Several studies [8, 9] have been made on the 
synthesis and characterisation of insoluble metal oxides, 
hydrous oxides, and hydroxides of nanoparticles by 
precipitation from salt solutions. These compounds have 
very low solubility products and can be easily prepared in 
highly supersaturating conditions. Ca(OH)2 has moder- 
ate solubility and presents some complications in the 
preparation of nanoparticles; in fact, achieving a high 
degree of supersaturation becomes more difficult and the 
influence of co-ions is also crucial [10]. In the present 
work we also aimed to synthesise and characterise 
Ca(OEI)2 nanoparticles prepared by hydrolithic methods 
at high temperature and degree of supersaturation. The 
physicochemical characterisation was performed by 
scanning electron microscopy (SEM) analysis and by 
atomic force microscopy (AFM). 

The dispersions studied were interesting as innovative 
materials for cultural heritage conservation. In fact, 
aqueous saturated solutions of Ca(OEI)2 are used for 
consolidation of wall paintings and/or carbonatic stones 
[11], but the low solubility in water makes difficult their 
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application. Moreover, it is to be underlined that 
inorganic products for consolidation should be preferred 
for the durability and the high compatibility of the 
materials with the substrate [12]. The application of 
Ca(OH )2 as a dispersion could avoid the limitation 
imposed by the low concentration of Ca(OH )2 in aqueous 
solutions. We tried to apply the Ca(OH) 2 /alcohol 
dispersions as a new consolidating agent in porous 
material consolidation. We also report the results of tests 
carried out with these Ca(OH) 2 /alcohol dispersions in a 
restoration workshop at Rome and Vigonza near Padua. 



Results and discussion 

We illustrate and discuss the experimental results in two 
separate sections: the first concerns the characterisation 
of the Ca(OH )2 dispersions; the second includes the 
evaluation of the performances of these dispersions for 
consolidating porous media with flaking and powdering 
of the outer surface layers, including tests in the 
workshops. 

Ca(OH )2 dispersions: effect of continuous phase 
and particle size 

The first aspect of the stability of the Ca(OH )2 disper- 
sions we investigated was the influence of the continuous 
phase. The optical density, i.e. absorbance, at 600 nm of 
some Ca(OH )2 dispersions is shown as a function of time 
in Fig. 1 [7, 13]. The Ca(OH )2 particles used to prepare 
these dispersions were micron-sized (diameter 1-2 ^vci) 
[7]. It is known that the behaviour of the optical density 
can be considered as an estimate of the dispersion kinetic 
stability, since it is proportional to the turbidity. In 
particular, a slow decrease in the absorbance as a 
function of time indicates kinetic stability. The change 
in the continuous phase from water to short-chain 
aliphatic alcohols strongly increased the kinetic stability 
of dispersions. The enhanced stability is in the order 
l-propanol> ethanol > 2-propanol (Fig. 1), indicating 
that the critical factor is the length of the hydrophobic 
tail. The adsorption of the alcohol molecules onto to the 
surface of the Ca(OH )2 nanoparticles could be consid- 
ered the main cause for such enhanced stability, since it 
plays a fundamental role against particle agglomeration. 
Particle agglomeration, in fact, is known to occur in 
water by a mechanism of bridging driven by hydrogen 
bonding [14]. Further studies - electrokinetic potential 
measurements - are in progress to determine the exact 
role of electrostatic repulsive interactions that can be 
significant even at low surface potential values in a 
continuous phase characterised by very weak polarity 
[15]. It is worth noting that the hydrophobic chain 
conformation also plays an important role. Dispersions 




0 4 8 12 16 



Time (hours) 

Fig. 1 Behaviour of the absorbance, A, at 600 nm for dispersions of 
Ca(OH )2 particles (1-2 ^m) as a function of the continuous phase: 
a water, b ethanol, c 1 -propanol, d 2-propanol 

with 1 -propanol are more stable than those with 
2-propanol, suggesting that the kinetic stability of the 
dispersions is proportional to the thickness of the 
hydrophobic layer present on the Ca(OH )2 nanoparticles 
with adsorbed alcohol. This is confirmed by preliminary 
results achieved with continuous phases constituted by 
«-butanol, 2-butanol, and 1-octanol [16]. According to 
the procedure reported in the literature [7, 17], it is 
possible to calculate an empirical parameter, that 
quantifies the kinetic stability of the dispersions after a 
certain time. This parameter, determined from the curves 
reported in Fig. 1 at 16 h, is 87 for 1 -propanol, 65 for 2- 
propanol, 79 for ethanol, and 4 for water. 

We have previously shown that the particle dimen- 
sions are a factor to be controlled for obtaining high 
kinetic stability [18]. In particular, 3^ /im Ca(OH )2 
particles had ^ values of 4 in water and 64 in 1 -propanol 
[7], while the nanoparticles constituting the dispersions of 
Fig. 1, that give the ^ parameters above earlier, were 
1-2 imi. 

In order to study this aspect further we tried to 
synthesise finer particles. The approach we followed is 
based on a hydrolytic method in high temperature and 
supersaturating conditions [10]. A SEM image of the 
particles so synthesised is shown in Fig. 2. The tendency 
was for hexagonal platelets, typical of Ca(OH )2 crystals, 
and the size was in the range 80-200 nm, indicating that 
we succeeded in obtaining a considerable fraction of 
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Fig. 2 Scanning electron microscopy micrograph of Ca(OH )2 nano- 
particles obtained from the homogeneous phase at 60 °C 



nanoparticles. The nanoparticles were obtained easily 
with significant yields, but great care was made to 
eliminate NaCl adsorbed in the collected Ca(OH )2 
particles. ^ determined for the dispersions prepared with 
the synthesised Ca(OH )2 nanoparticles was 92, in 
comparison with 87 for the micron-sized particles (see 
earlier); therefore, we observed a further increase in the 
kinetic stability. 

We also wanted to check the shape and the morphol- 
ogy of the synthesised nanoparticles directly in the 
alcohol dispersions: to do this, we performed AFM 
measurements in the liquid phase [19]. The AFM image 
of the synthesised nanoparticles dispersed in 1 -propanol 
captured in the liquid phase is shown in Fig. 3. The 
dimensions are in agreement with the SEM data (Fig. 2) 
and we also observed a fair degree of monodispersity. 
Moreover, no particle agglomeration was observed. All 
the results indicated that the best dispersions we could 
test as new consolidating materials were constituted of 
synthesised nanoparticles in 1 -propanol; therefore, these 
dispersions were selected to verify potential application 
as inorganic consolidating agent materials for exfoliated 
wall paintings and/or carbonated stones. 



Ca(OH )2 dispersions: consolidation tests 

In the present section we illustrate the results of some 
experimental tests carried out by means of Ca(OFI) 2 / 
1 -propanol dispersions on laboratory samples and on real 
systems in the restoration workshops. The aim of this 
experiment was to check if these dispersions could find 
interesting application in cultural heritage conservation 
to consolidate carbonate porous materials affected by 
flaking and/or powdering of the external surface layers. 

The optical microscopy under glazing light was 
performed on aerial mortar surfaces of laboratory 




Fig. 3 Atomic force microscopy image taken in the liquid phase 
(1 -propanol) of the Ca(OFI )2 nanoparticles obtained at 60 °C: image 
dimensions 3.3 /im x 3.3 fim 



specimens. These samples were prepared using a very 
low lime (binder)/sand ratio (1/8 by volume) in order to 
simulate surface flaking. A poorly compact surface under 
optical microscopy in grazing light is shown in Fig. 4a. In 
particular, it is to be noticed that the sand grains are not 
bound to each other and this is due to the low content of 
the binder. The same sample, after the application of the 
Ca(OH )2 nanoparticles/ 1 -propanol dispersion, is report- 
ed in Fig. 4b. The detectable effect is an increase in the 
surface compactness and the appearance of intergrain 
junctions that reduces the voids that were evident before 
the treatment (Fig. 4a). Mechanical and physicochemical 
properties confirmed the consolidating power of this 
application [7]. These dispersions were also tested in 
some wall paintings workshops with very encouraging 
results [20]. 

Since the experiments in the laboratory and in the wall 
paintings restoration workshops gave fair indications, we 
tried to test the efficacy of these dispersions on carbonatic 
stones as a consolidating agent. The results obtained on 
Pietra di Nanto (a calcareous stone) samples constituting 
the external walls of the S. Margherita Abbey in Vigonza 
(Padua) are summarised in Table 1. The Scotch tape test 
parameter [7], which is inversely proportional to the 
stone surface compactness, shows a distinct decrease, 
indicating consolidation of the surface layers; therefore, 
we succeeded in achieving reinforcement of superficial 
cohesion. A similar decrease in the values of water 
absorption was observed (Table 1), suggesting that the 
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Fig. 4 Optical microscopy im- 
ages under glazing light of 
aerial mortar surfaces: a deco- 
hered surface before application 
of Ca(OH )2 dispersions, b the 
same surface consolidated by 
Ca(OH) 2 /l -propanol disper- 
sions 




Table 1 Scotch tape test (STT) and water absorption parameters 
determined on the calcareous stone called Pietra di Nanto sub- 
mitted to consolidating treatment by Ca(OH) 2 /l -propanol disper- 
sions 



Sample 


STT 

(mgcm^^) 


Water 

absorption (%) 


East part before the treatment 


10.3 


7.6 


East part after second treatment 


2.8 


4.7 


West part before the treatment 


3.5 


10.3 


West part after second treatment 


1.4 


0.2 



external surfaces increased their cohesion causing less 
penetration of water into the wall. 

Another experiment was made during the restoration 
of the external walls of the Santa Prisca in Aventino 
church apse in Rome. The tests were carried out on brick 
surfaces to be protected by a thin surface layer (about 50- 
100 /tm) [20]. The histograms in Fig. 5 refer to the Ca 
and Si atom percent detected by energy-dispersive X-ray 
microanalysis monitored as a function of the depth in 




450 iTiicKjn 20 micron (A) 20 micron (B) 



Fig. 5 Flistograms of Ca and Si atomic proportion and of the Ca/Si 
ratio taken by energy-dispersive X-ray microanalysis on a brick 
sample from the Santa Prisca in Aventino church, Rome, treated with 
Ca(OFI) 2 /l -propanol dispersions as a function of the depth with 
respect to the external surface. A and B refer to two different 
dispersions [20] 
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microns with respect to the external surface. The Ca/Si 
ratio as a function of the same depth is also reported in 
Fig. 5. The main feature from Fig. 5 is the increase in the 
Ca/Si ratio from the bulk (300 from the external 
surface) up to the surface (25 /rm from the external 
surface), indicating that the application of the dispersion 
created an outer layer rich in Ca. SEM micrographs 
confirmed that an external layer about 70-fim thick was 
present on the brick surfaces treated with the dispersions 
[20]. 



Conclusions 

This study investigated the effect of both the continuous 
phase and the particle size on the kinetic stability of 
Ca(OH )2 dispersions. Alcohol molecules were shown to 
stabilise the dispersions probably by adsorption on the 
particle surface and by hindering the particle agglomer- 
ation that causes sedimentation. It is worth noting that 
the hydrophobic chain conformation also played an 
important role. Dispersions with 1 -propanol were shown 
to be more stable than those with 2-propanol, suggesting 
that the kinetic stability of the dispersions is proportional 
to the thickness of the hydrophobic layer present on the 
Ca(OH )2 nanoparticles with adsorbed alcohol. 



The present study also showed that Ca(OH )2 nano- 
particles can be synthesised in aqueous media in super- 
saturating conditions at moderately high temperature. 
The nanoparticles obtained by this method were hexag- 
onally (prismal) shaped, as evidenced by SEM analysis. 
AFM liquid imaging experiments on Ca(OH )2 nanopar- 
ticles dispersed in 1 -propanol enabled the size and 
morphology of the dispersed phase to be determined 
in situ. 

The experimental results indicated that the disper- 
sions in 1 -propanol are very promising as innovative 
material for consolidation of porous materials. The tests 
carried out in the laboratory and in situ showed fair 
results in the application of Ca(OH) 2 /l -propanol disper- 
sions. The method seems to be useful for various kind of 
stone materials and can be considered as an innovative 
tool for cultural heritage conservation. 
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Abstract The properties of 2D col- 
loidal crystals have been widely 
investigated over the last 20 years. 
Recently, it has been recognized that 
colloids are also useful for the in- 
vestigation of systems comprised of 
only a few particles. We study the 
melting behavior of a finite number 
(N < 30) of paramagnetic colloidal 
spheres {a — 4.5 /rm) in 2D circular 
cavities. By applying a magnetic 
field, B, the interaction strength 
between the particles is varied. At 
high B, i.e. strong dipole interaction, 
the particles are arranged in a highly 
ordered shell-like structure. With 
decreasing B we observe a loss of 



angular order between adjacent 
shells. Upon further reduction of the 
external field, however, different 
scenarios are observed. For cavities 
with hard-wall confinement and 
commensurate particle numbers an- 
gular order is restored again. In 
contrast, the latter effect is absent 
for soft-confinement potentials. In 
both cases the system melts com- 
pletely for small magnetic fields. 

Key words Colloids • Two-dimen- 
sional • Two-dimensional 
freezing • Phase transitions • 
Classical atoms 



Introduction 

In the last few years there has been considerable progress 
in the field of localization and cooling of ions and 
electrons in artificial confining fields. Typical examples 
for 3D and 2D systems are ions in radio-frequency traps 
[1], electrons on the surface of liquid He [2], and electrons 
in quantum dots [3]. With the help of present-day 
powerful imaging techniques such examples may be 
promising subjects for the experimental investigation of 
systems in lateral confinements. Additionally, the struc- 
tural and dynamical properties of few-body systems are 
also attractive from the theoretical point of view [4]. 
Several authors considered 2D systems with finite 
numbers of ions or electrons in lateral confinements 
using Monte Carlo (MC) simulations [5-8]. So far, the 
majority of theoretical studies investigated the behavior 
of Coulomb particles in a harmonic external potential. 
At low temperatures and in the case of a small number of 
particles, the particles are found not to crystallize in a 



triangular lattice (Wigner crystal), but are arranged in a 
shell-like structure. Accordingly, it was pointed out that 
such systems might be a “realization” of a 2D Thomson 
atom, where the structure as a function of the particle 
number can be analyzed in terms of a Mendeleev-type 
table [6, 9]. The melting of laterally confined 2D systems 
with particle numbers of the order of 100 or smaller is 
predicted to occur via a two-step process [6-8]. Upon 
increasing the temperature, first intershell rotation 
becomes possible where orientational order between 
adjacent shells is lost. At even higher temperatures, 
radial diffusion between shells sets in, and this finally 
destroys the shell structure of the cluster. In recent 
experiments with magnetic colloidal particles in hard- 
wall confinements, however, a deviation from this 
scenario was found: when the effective temperature is 
increased beyond the point where intershell rotation sets 
in, angular order is restored again before the system 
melts completely [10]. In the meantime this reentrant 
behavior has also been confirmed by MC simulations 
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[11]. It has been pointed out that the occurrence of this 
elfect is related to the boundary condition of the 
confinement, which determines to what extent the 
particles can escape in radial direction upon changing 
the temperature. This also explains why such behavior 
was not seen in previous calculations because they 
concentrated on the behavior of particles in parabolic, 
i.e. soft, confinements. 

Here we present an experimental study of the phase 
behavior of 2D systems consisting of a small number of 
particles interacting via a dipole potential in different 
circular confinements. In the first part we discuss a 
system of 29 particles in a hard-wall confinement. These 
results are in excellent agreement with earlier experimen- 
tal data [10] and recent numerical simulations [11]. In 
addition we also investigated a system of 26 particles in a 
soft potential. As shown, the properties in both cases are 
rather different, which is also in agreement with recent 
numerical simulations [11]. 



Experimental 

The experiments were performed with superparamagnetic colloidal 
spheres with a diameter of 4.55 nm. Since the pair interaction 
potential between the spheres can be conveniently varied by means 
of a magnetic field such systems provide excellent model systems for 
the investigation of 2D systems. The advantages of colloidal 
suspensions are their convenient time (milliseconds) and length 
scales (microns), which allow the detailed observation of single 
particle trajectories by means of video microscope [12]. As a 
substrate for the 2D colloidal system we used fused silica plates onto 
which a 3-4-/rm thick smooth film of poly(methylmethacrylate) 
(PMMA) was deposited by spin-coating. This was necessary to 
prevent the particles from sticking to the surface. The lateral 
confinements were realized by using a transmission electron 
microscope (TEM) grid made of copper that was pressed into the 
thin PMMA film, which was heated to about 150 °C. After this 
process typically several tens of identical circular hard-wall 
compartments with perpendicular wall were obtained (Fig. la). In 
addition to such hard-wall boundaries we also fabricated compart- 
ments with soft-wall potential. This was achieved by adding some 
additional PMMA solution to a sample after the TEM grid had 
been pressed onto the substrate. Owing to capillary forces the liquid 




Fig. 1 a Bottom view of the 72-^m openings of a transmission 
electron microscope mesh, which serve as lateral hard-wall confine- 
ments for the particles, b An additional poly(methyl methacrylate) 
film on top of the openings produces a soft potential for the particles 



preferentially wetted the previously formed hard-wall compart- 
ments, where under the influence of the radial forces during spin- 
coating a radially symmetric meniscus was formed. After the solvent 
had evaporated this resulted in a soft-wall potential (Fig. lb). 

After insertion of the superparamagnetic colloidal spheres 
which were suspended in water (DynaBeads 4.55 ^m, Dynal, lot 
no. B20100) and stabilized with 2.0 g/1 sodium dodecyl sulfate, the 
particles sedimented towards the patterned (see earlier) bottom 
plate, where they were confined by gravity to a 2D colloidal system 
in each compartment (Fig. 1). In our experiments the number 
density in difierent compartments varied statistically between about 
25 and 45, depending on the particle concentration. The whole cell 
was placed in the center of a copper coil, which produced a 
magnetic field, B, perpendicular to the substrate. The magnetic field 
induces a magnetic moment, M(B), within the particles which led to 
a repulsive magnetic dipole pair potential, I).,- = fi^M{Bf' /Anrjj, 
where /io denotes the permeability of vacuum and the distance 
between particles i and /. The colloidal spheres were imaged with a 
home-built inverted video microscope onto a charge-coupled- 
device camera. An image processing system (Visiometrics IPS) with 
particle recognition facilities was used to determine the particle 
coordinates for each frame via a particle recognition algorithm. 
From these coordinates we determined the particle trajectories by 
using an object tracking software (Visiometrics TRACE). 

To describe the effective interaction between the paramagnetic 
spheres it is useful to introduce the dimensionless plasma parameter, 
T, which can be defined in several ways. In order to avoid confusion 
and to allow direct comparison with the work of Schweigert et al. 
[1 1] we used their definition of the plasma parameter, where T = q^j 
with = fiQM{B)^j4n and a = 2R/N'^^. Here R denotes the 
radius of the circular hard-wall confinement, kg the Boltzman 
constant and T the temperature of the suspension. Within the range 
of magnetic fields used in this work, M is to a good approximation 
proportional to B. We want to emphasize that in our previous work 
we used a slightly different definition for T [10]. 

Accordingly the plasma parameter for N =19 in the present 
work is a factor of 2.2447 smaller than in the previous one.’ In our 
experiments we varied T by changing B and kept T constant at 
295 K. For each S, we measured the particle trajectories up to 
several hours with a lateral and temporal resolution of 0.25 ^m and 
20 ms, respectively. In contrast to previous measurements where 
the measuring time was only 30 min, here the particle trajectories 
were taken up to several hours, which largely increased the 
statistics and allowed us to calculate dynamic properties such as 
mean square displacements. 



Results 

Hard walls 

A real-space image for the case of N=29 particles in a 
hard-wall confinement at T = 64 is shown in Fig. la. In 
this case the particles arrange in shells consisting of 3, 9 
and 17 particles, respectively. Such a configuration is 
denoted in the following as (3, 9, 17) and has been shown 
to correspond to the ground state of such system [10]. In 
an earlier measurement we presented the structure of 
such a system as a function of T. In contrast to these 
experiments, where the measurement time was limited to 
30 min, here the time was increased by a factor of 20. 



’ In our previous work the plasma parameter was defined as 
r = {Vij)/NkgT, where the angled brackets correspond to the sum 
over all particle pairs ij 
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This allowed us to calculate the angular diffusion 
coefficients of the shells. 

To visualize the shell-like behavior of our system, the 
particle trajectories of the particles for T= 17 are plotted 
in Fig. 2a. The three particles of the inner ring also 
distort the symmetry of the second shell, which shows 
also a pronounced threefold symmetry, whereas the 
structure of the outer shell is only given by the circular 
hard-wall confinement. It can also be seen that the outer 
particles are more localized than the inner particles, 
which is a consequence of the hard-wall confinement. In 
addition the diffusion of the inner particles is highly 
anisotropic. Both findings are in good agreement with 
numerical calculations [7]. In order to characterize the 
angular movement of the innermost shell relative to the 
second shell, we first transformed the data shown in 
Fig. 2a into a reference frame, which follows the 
collective angular motion of the second shell. As a result, 
the angular positions of the particles of the second shell 
become rather localized, indicating that the particles 
move in a highly cooperative manner (Fig. 2b). 

From the linear slope of the mean angular displace- 
ments of the particles in the first shell at long times one 
directly obtains the angular diffusion coefficient with 
respect to the second shell. In order to determine to 
which shell a particle belongs (this becomes increasingly 
difficult upon decreasing F) we used the minima in the 
radial distribution of particles, which show three maxima 
(corresponding to the three shells) with pronounced 
minima in-between, the latter characterizing the radial 
extension of the shells. 

The angular diffusion constant, Dq, of the first shell is 
plotted against F in Fig. 3. At high F values, the energy 
barriers for shell rotation are rather small, corresponding 
to a small D@. With decreasing F, however, D© increases 
by more than a factor of 8 and indicates the high mobility 
of the second shell versus the first one. For even lower F 
values, Dq decreases again until the shell structure finally 
vanishes and an angular diffusion coefficient cannot be 
defined anymore. Such a maximum of the angular 
mobility was observed in earlier measurements [10] and 




X [(jm] X [^lm] 

Fig. 2 Particle trajectories over 10 h for F = 32: a raw data; b after 
correction of angular movement of the second shell 
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Fig. 3 Angular diffusion constant of the first shell over F for the 
system of 29 particles in a hard-wall confinement 

has been explained by radial particle fluctuations, which 
tend to increase the registration between adjacent shells. 
With increasing F, the angular mobility of the first shell 
increases at first but is then reduced again by the 
increasing radial particle fluctuations of the second shell, 
which finally increase the registration between adjacent 
shells. This scenario has been supported by recent 
calculations of Schweigert et al. [11]. 

Soft walls 

It has already been suggested that the occurrence of the 
previously discussed reentrance behavior is strongly 
related to the details of the confining potential. In the 
presence of a circular cavity with hard walls, the particles 
cannot escape in a radial direction, which seems to be 
important for the unusual F dependence of the angular 
diffusion coefficient. In contrast, if the confinement is 
comprised of soft walls, e.g. a parabolic potential, the 
whole system will expand if the magnetic field is 
increased and the melting scenario should be rather 
different [5, 6, 13-15]. 

Accordingly, we also performed measurements where 
the confinement was a soft wall. A typical snapshot at a 
plasma parameter of F = 32.6 with N=26 is plotted in 
Fig. lb. In contrast to the hard-wall potential, it can be 
clearly seen that now the particles are located in the center 
of the confinement with a configuration (3;9:14). Taking 
the preparation process of the samples into account (spin- 
casting of a liquid in a circular confinement), the shape of 
the confinement should roughly correspond to a rota- 
tional parabola. Owing to surface tension effects, how- 
ever, deviations from a perfect parabolic potential might 
occur and we assume the potential to be given by 
V(r) — ar^. By comparing our ground-state configuration 
with the results from MC simulations^ this suggests /i is 

^The transition from ground-state configurations (4:9:13) to 
(3:9:14) takes place between F '*"* and and that from (3:9:14) 
to (3:8:15) between and 








76 



between 2.05 and 6.57. In contrast for f! — 2.0, for 
example, a slightly different arrangement (4:9:13) should 
be observed, a can be estimated by the dynamical 
behavior of the particles. When the external magnetic 
field is turned off the particles begin to diffuse towards the 
center of the cavity, with their dynamics given essentially 
by their interaction with the confining potential, i.e. the 
meniscus of the polymer film. Since this dynamic is highly 
overdamped, the corresponding equation of motion can 
be easily solved, which allows us to obtain a= 0.3 ± 0.1 
10”^ N/m. Accordingly the outmost particles are only 
raised about 270 nm (corresponding to 6% of the particle 
diameter) with respect to the center of the compartments; 
hence the a priori assumption of a 2D system is largely 
fulfilled in this situation. 

Similarly, to the experiments described earlier we 
followed the particle trajectories at different F values 
and obtained the angular diffusion constanfs, which are 
plotted in Fig. 4. The experimentally accessible F range 
is now restricted to values above 20 since at smaller 
values it is difficult to define a shell structure and thus 
allow calculation of Dq. The available data, however, 
cover the region just above complete melting, where 
the reentrance has been observed in hard-wall poten- 
tials. 

In contrast to Fig. 3, for soft walls we do not find any 
indications for a maximum as observed before, but the 
data points roughly show a linear F dependence. In 
addition the angular diffusion coefficient is higher 
compared to the hard-wall confinement. Both findings 
have also been observed in MC simulations [11]. 
Unfortunately, these studies were performed only with 
A =25 particles in contrast to N—26 in our case. This 
difference, however, should nof affect the general diffu- 
sion behavior, since the configuration of the two inner 
shells is identical for N —25 and N—26. 




Fig. 4 Angular diffusion constant of the first shell over F for 26 
particles in a soft-confinement potential 



Conclusion 

In summary, we have studied the melting process of finite 
2D systems in different external cavities. In the case of 
hard-wall confinements we find in agreement with recent 
theoretical studies reentrant behavior. This is interpreted 
in terms of radial particle fluctuations, which lead at 
lower F to a higher coupling of adjacent shells and, 
therefore, to higher angular order. In contrast, when 
the external 2D cavity is comprised of soft potentials the 
system size varies as a function of F. Consequently, the 
coupling of adjacent shells by radial particle fluctuation 
is smaller than in the hard-wall case. This finally results in 
a monotonic increase in the angular mobility of the shells 
with decreasing F as has been predicted by recent MC 
simulations. 
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Abstract We study the phase be- 
havior of a 2D colloidal system in 
the presence of an external periodic 
ID potential. As colloidal suspen- 
sion we use an aqueous suspension 
of superparamagnetic spheres with a 
diameter of 4.5 fim. The periodic ID 
potential is fabricated by evapora- 
tion of thin magnetic nickel lines 
onto a glass substrate, which is 
afterwards covered with a protective 
poly(methyl methacrylate) layer. 
When the phase behavior of the 



colloidal system is investigated as a 
function of the applied external 
magnetic held, we observe a pro- 
moting effect of the underlying 
periodic ID potential to the 
crystallization of the 2D colloidal 
system. 



Key words Colloids • Two-dimen- 
sional melting • Two-dimensional 
freezing • Phase transitions • 
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Introduction 

The study of 2D melting by means of colloidal 
particles has attracted the interest of many researchers 
during the last few decades. The basic advantages of 
the use of such mesoscopic model systems are their 
convenient length and time scales which allow direct 
imaging of particle positions by means of optical 
methods, like video microscopy [1]. Additionally, the 
relevant interaction potentials in colloidal suspensions 
are well dehned and can be adjusted over a wide 
range. During the last few years there has been strong 
experimental support of the basic ideas of 2D melting 
developed by Kosterlitz, Thouless, Halperin, Nelson 
and Young (KTHNY) [2, 3] by employing colloidal 
suspensions [4]. In particular, evidence for a two- 
stage melting process has been recently given by Zahn 
et al. [5]. 

While there exist numerous theoretical and experi- 
mental studies on 2D melting on homogeneous sub- 
strates, only little is known abut 2D melting in the 
presence of substrate potentials as typically provided by 
the atomic corrugation of a crystalline substrate [6]. Such 
studies, however, are highly demanding since the 



interplay of a 2D system with a periodic substrate will 
lead to strong changes in the phase behavior. 

Here we demonstrate the effect of a periodic ID 
potential on the phase behavior of a 2D colloidal system. 
The substrate potential is obtained by an array of thin 
paramagnetic Ni lines, which were deposited onto the 
substrate. As particles we used superparamagnetic col- 
loidal spheres whose pair interaction potential can be 
varied over a wide range by an external magnetic field, B. 
Our results show that the presence of such a substrate 
potential drastically changes the dynamical and static 
properties of the colloidal system. 



Experimental setup 

In order to fabricate periodic ID potentials we first deposited a Ni 
film of 3-nm thickness onto a glass substrate by thermal 
evaporation. During the evaporation process the substrate was 
masked with a grid, which resulted in equidistant quadratic Ni 
patches with a side length of 280 fim. The uncoated areas were used 
to compare the phase behavior of the colloids without the periodic 
potential. By a subsequent photolithographic process we then 
obtained periodically aligned Ni lines of 4 /rm width and a 
periodicity of 10 fim. To protect the Ni grid when in contact with 
the aqueous colloidal suspension and to provide a smooth surface 
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to the particles, a 400-nm-thick poly(methyl methacrylate) 
(PMMA) film was spin-coated on top of the Ni stripes (Fig. 1). 
The resulting sample was used as the bottom plate of a sample cell, 
which contained the aqueous suspensions of superparamagnetic 
particles (DynaBeads) with a diameter of 4.55 fim [7]. The particles 
were additionally stabilized with sodium dodecyl sulfate (SDS), 
which causes a short-range steric repulsion between the spheres and 
prevents agglomeration in particular when the external field was 
absent. When the sample cell was filled with colloidal suspension 
the particles owing to their density (1.5 g/cm^) immediately started 
to sediment towards the bottom plate, where they formed a 2D 
system. The cell was placed in the center of a copper coil, which 
could induce a magnetic moment, M, in the particles, leading to a 
magnetic dipole pair interaction given by 

4k, where M(B) is the induced magnetic moment of the particles, p 
the single particle density and po the magnetic permeability. We 
found for small B that the magnetic moment of a sphere is a linear 
function of the field. To describe the effective interaction between 
the paramagnetic spheres it is useful to introduce the dimensionless 
plasma parameter T = with k^T being the thermal 

energy in the system. In the following experiments variation of T 
was only achieved by changing the magnetic field, whereas the 
temperature was kept constant at room temperature. 

To calculate the interaction between the colloidal spheres and 
the Ni lines we employed a finite-element method where the 
spheres and Ni lines were divided in small volume segments. 
Numerical integration of the dipole-dipole interaction over all the 
volume elements leads then to the potential energy of a single 
sphere above an array of Ni lines. The magnitude and direction of 
the moment of the particles is well known by the applied external 
magnetic field. In contrast, the magnetic moment of the Ni lines is 
more difficult to determine owing to the limited accuracy of the 
quartz mass balance method, which was employed to measure 
the thickness of the Ni layer. It is well known, however, that the 
direction (in plane or out of plane) of the magnetization of the 
ferromagnetic Ni lines strongly depends on the film thickness. In 
addition, a thin layer of antiferromagnetic nickel oxide will 
probably form on top of Ni immediately after the evaporation 
chamber is opened. 



Characterization of the substrate 

In order to determine how different directions of the magnetization 
affect the interaction between a colloidal sphere and a Ni line, we 
calculated the potential energy of a superparamagnetic particle 
above an array of Ni lines for both in-plane and out-of-plane 
magnetization. The resulting curves are shown in Fig. 2. When the 
orientation of the magnetic moment is in plane the minimum of the 
potential energy is close to the right or left edge of the Ni lines 
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(depending on the directions of the in-plane magnetization and that 
of the vertical external B-ffeld vector) as seen in Fig. 2a as open and 
closed symbols, respectively. 

Accordingly, a rotation of the direction of the external B field by 
180° should also induce in a change in the equilibrium position of 
the colloidal particles. Indeed, such behavior has been observed 
experimentally for Ni grids with about 20-nm thickness (Fig. 3a, 
b). In contrast, if the potential energy of a superparamagnetic 
sphere is calculated in front of an array of out-of-plane magnetized 
Ni lines, the minima are located in the middle of the Ni stripes 
(Fig. 2b). Such behavior was observed experimentally for Ni grids 
of 3-nm thickness (Fig. 3c). Upon reversal of the direction of B the 
position of the particles was not altered. This can be explained by 
the small coercive force of the Ni which causes the out-of-plane 
magnetization to be rotated together with B. Altogether, the 
thickness-dependent changes in the magnetic properties of Ni films 
are in good agreement with findings of other authors who observed 
that Ni layers below 20 nm are ferromagnetic with out-of-plane 
magnetization, whereas above 20 nm in-plane magnetization is 
observed [8]. 



Results 

In the following we present data on the phase behavior of 
a 2D colloidal system in the presence of a pattern of Ni 




Fig. 1 Schematic side view of the experimental cell. Underneath a 
protective poly(methyl methacrylate) {PMMA) layer an array of Ni 
lines {dashed regions) has been formed on top of a silica substrate by 
means of photolithography. Also shown are the magnetic moments of 
the ferromagnetic Ni lines (Mnickei) and those of the particles (Mjphere), 
the latter being induced by the external magnetic field (Bcxt) 



Fig. 2 a Numerical calculation of the potential energy of a super- 
paramagnetic colloidal sphere in front of an array of in-plane- 
magnetized Ni stripes {dashed areas). After reversing the external field 
the induced magnetic moments of the particles are rotated by 180°, 
which causes the minima of the curves to be shifted in a horizontal 
direction, b The same calculation for out-of-plane magnetized Ni lines 
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lines as described earlier. In addition, we compare the 
results to that of a homogeneous substrate, which allows 
the influence of the Ni grid to be studied. The particles 
were observed by means of a homebuilt inverted 
microscope, which allowed the particles to be imaged 
onto a charge-coupled-device camera which was con- 
nected to a computer. With the help of a particle 
recognition algorithm we were able to identify the 
particle trajectories from which dynamical and static 
quantities were obtained. 



The mean square displacements (MSD) for the x- 
(closed symbols) and y-directions (open symbols) direc- 
tions are shown in Fig. 4 for the situation without and 
with Ni lines for different magnetic fields, i.e. T. The Ni 
lines were adjusted in such a way that the x- and j- 
directions corresponds to the orientation perpendicular 
and parallel to the lines. At first glance, the curves show 
similar behavior, i.e. a steep increase at short times which 
gradually decreases and becomes almost linear at longer 
times. The initial part of the curves is due to the short- 



Fig. 3a, b Photos of colloidal 
particles on a Ni grid of 20-nm 
thickness, the latter corre- 
sponding to the almost vertical 
black lines. Upon reversing the 
external magnetic field the par- 
ticles move to the opposite 
edge, which suggests in-plane- 
magnetization of the Ni. c Same 
situation for a Ni grid of 3-nm 
thickness. Upon reversal of the 
magnetic field no change in the 
particle positions is observed, 
which is in agreement with 
out-of-plane magnetization of 
the Ni at that thickness 




Fig. 4 Mean square displace- 
ments (MSD) at different plas- 
ma parameters for a system 
with (a,c) and without (b,d) Ni 
lines. The closed symbols denote 
the MSD perpendicular to the 
lines, the open .symbols indicate 
the MSD along the lines 
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time diffusional behavior, which describes the motion of 
the particle at sufficiently small times (below 30 s) where 
the influence of the surrounding particles is negligible. 
From this we can calculate the diffusion constant 
Z>Q = 0.0i4 /rm^/s. The MSD at longer times is deter- 
mined by particle-particle interactions, which generally 
leads to a smaller slope compared to the short-time 
behavior. At F= 2, the Ni lines show hardly any effect on 
the MSD as can be seen by the similar behavior of the 
data in Fig. 4a and b. Apparently, the influence of the Ni 
grid can be neglected in this case. With increasing F, 
however, the influence of the Ni stripes on the diffusional 
behavior of fhe particles becomes significant and mani- 
fests itself both in a smaller absolute value of the MSD 
and also in its different behavior for the x- and j- 
directions. At F= 171 fhe MSD perpendicular lo the 
lines is almost constant, indicating the confinement effect 
of the Ni grid to the lateral movement of the particles, 
whereas the MSD parallel to the lines still shows a linear 
increase characteristic for free diffusion (Fig. 4c). At the 
same magnetic field the particles on the nonpatterned 
parts of the substrate still perform an isotropic free 
diffusion as can be seen from Fig. 4d and clearly 
demonstrates the influence of the Ni stripes on the 
dynamical properties of the particles. 

To study additionally the effect of a periodic substrate 
potential on the phase behavior of the 2D particle system 
we calculated the mean square excursions. In analogy to 
the Lindemann criterion where the MSD of the particles 
is used as a melting criterion, Bedanov and 



Gadiyak [9] defined a similar melting criterion for 2D 
systems where the relative displacements of neighboring 
particles are considered, i.e. 

/ [ii(^R + a) — 

2 ^ ’ 

with a being the lattice vector of the system. It has been 
shown that, independent of the pair interaction potential, 
in 2D systems the melting transition occurs at y = 0.033. 
From the experimentally determined particle positions 
we calculated the melting transition for different mag- 
netic fields. As can be seen in Fig. 5, the freezing 
transition in the presence of the Ni stripes occurs at 
substantially smaller F values compared to the homoge- 
neous substrate. This can be understood by the addi- 
tional localization of the particles in the presence of the 
Ni lines, which support their crystallization. According- 
ly, we call this effect magnetic-induced freezing. 

The promoting effect of a periodic, fD substrate 
potential to the freezing of 2D systems is not limited to 
the example described here but is also found for other 
particle-particle and particle-substrate interactions. It 
has been demonstrated that the presence of an optical 
interference pattern, which provides a periodic, ID 
potential for highly charged dielectric polystyrene 
spheres, can induce crystallization into a previously 
disordered 2D colloidal suspension [10]. In addition, 
recent Monte Carlo simulations suggest a similar behav- 
ior to occur also in the case of 2D hard discs [1 1]. 



Fig. 5 Relative quadratic ex- 
cursion, y, of the colloidal par- 
ticles as a function of l/F. 
Above y‘"M = 0.033 {horizontal 
line) the system is liquid, below 
it is solid. The melting point for 
the system with additional Ni 
lines, Tc 2 , occurs at significantly 
smaller l/T values than the 
melting point for the undis- 
turbed system, Ten The straight 
lines with the gray areas are 
guides for the eye 
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Summary 

In summary, we have studied the phase behavior of 2D 
superparamagnetic colloidal particles in the presence of a 
periodic, ID substrate potential. The latter was obtained 
by photolithographically manufactured Ni lines, which 
additionally interact with the particles. It has been 
demonstrated that both the dynamical and the phase 
properties of the colloidal system are largely affected by 
the presence of the Ni grid. Owing to the presence of the 



substrate potential the freezing transition of the particles 
is shifted to smaller particle-particle interactions com- 
pared to a homogeneous substrate. This is in agreement 
with results of other systems, for instance, light-induced 
freezing, where a spatial periodic light field causes a 
colloidal suspension to freeze, and thus demonstrates the 
generic effect of substrate potentials. 
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Abstract We investigated the solidi- 
fication behaviour of thoroughly 
deionised aqueous suspensions of 
polystyrene latex spheres by various 
optical scattering methods. We 
found a dramatic increase in the 
nucleation rate densities with in- 
creasing particle number density. 
Crystalline and nanocrystalline 
samples showed two relaxation pro- 
cesses on widely separated time 
scales. For an index-matched sus- 
pension of perfluorinated particles 
an amorphous state was accessible 



with the glass-typical signature of 
frozen long-time relaxation. From 
our results we propose a route into 
the amorphous state different to that 
observed in hard-sphere suspen- 
sions. It seems that in charged- 
sphere systems the increased 
nucleation rate density triggers the 
appearance of a Bernal- type glass. 



Key words Colloids • Charge 
spheres • Glasses • Eight scattering • 
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Introduction 

Amorphous solids are important materials for technical 
applications and are still a challenge to fundamental 
research concerning their formation, structure and 
dynamics [1]. In general, they are obtained by suppressed 
crystallisation via geometrical mismatch (mixtures, 
directed interactions), competition to molecular degrees 
of freedom (polymers) or phase separation (protein 
solutions). For one-component materials of spherical 
interaction (e.g. hard spheres, FIS) a purely dynamical 
glass transition (GT) is predicted [2, 3]. Flowever, many 
real systems (e.g. metals) exhibit fast crystallisation, even 
when rapid cooling slows the dynamics and shortens the 
time available for nucleation and growth. This also 
applies to colloidal suspensions of charged latex 
particles, a model system with no substantial tempera- 
ture dependence of its dynamics [4]. How then can an 
amorphous state be reached, where conventional strate- 
gies do not apply? Somewhat counterintuitively, such a 
state of short-range order, frozen large-scale motion and 
finite shear modulus may also be obtained via increased 
nucleation rates. 



Owing to their specific time and length- scales and the 
analytically tractable HS or Yukawa interactions 
colloidal suspensions have become fascinating and 
valuable mesoscopic model systems for many condensed 
matter problems and for vitrification in particular [5]. 
Many experimental and theoretical studies were per- 
formed on both the amorphous state and the GT 
[2, 5-11]. In colloidal shear melts [12] an increasing 
packing fraction, O, leads to a slowing of large-scale 
density fluctuations. For HS, this and low crystallisation 
enthalpies lead to macroscopically long induction times 
and slow growth. The addition of a second component 
[13] or polydispersity [7, 14, 15] further supports 
vitrification. Also in Yukawa systems vitrification was 
reported for mixtures [16, 17] and poly disperse platelets 
[18]; there are only a few reports on charged-sphere 
glasses [19] or their GT [20, 21]. This is concievable 
recalling that Yukawa spheres in general reveal con- 
siderably larger crystallisation enthalpies [4]. Solids are 
readily formed at O w 10“"^, where diffusion is still fast. 
While a HS-like GT is predicted to occur at about 
O w 0. 1-0.2 [8], crystallisation is expected to interfere 
significantly. 
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Experimental 

We studied two samples [moderately polydisperse polystyrene 
PS120 and less polydisperse poly(tetrafluoroethylene) PTFE180] 
with increasing particle number density, n. All the suspensions were 
prepared from diluted and precleaned stock suspensions of 
approximately 5.15% packing fraction. Thoroughly deionised 
conditions (residual ion content c < 5 x 10^’ mol P') were 
achieved either using an advanced conditioning procedure 
(PS 120) [22] or by introducing an ion-exchange resin into the 
carefully sealed sample cell (PTFE180). 

Quasisimultaneous measurements of static and dynamic light 
scattering and the shear modulus, G', were performed without the 
need to transfer the fragile solid to another experiment or sample 
cell. Details of the novel two-arm light scattering goniometer with 
counterpropagating illumination and three independent detection 
schemes are given elsewhere [23, 24]. 



Results 

Our results are shown in Figs. 1, 2, 3 and 4. 

Static scattering was recorded immediately after 
complete solidification as checked via the appearance 

Fig. 1 Scattered intensity as a function of scattering vector, q. Plots 
for different particle number densities n are shifted for clarity. Lefr. PS 
120, hydrodynamic diameter from dynamic light scattering 
4= 120 nm, effective charge from conductivity Z*£, = 685, and 
a n = Q.5A jiwT^, h n=\.6 c n = 1.6 jivoT^, d n = 3J 

e « = 4.8 fmT^. Right: PTFE180 (which was a kind gift from Clariant, 
Germany), 4= 180 nm, Z*,^=520, and a « = 0.54 /rm~^, 
b n=\.6 c n = 26 iimT^ Note that for PS120 turbidity restricts 
the maximum packing fractions to <J) < 10^^, corresponding to 
« < 10 PTFE180 can be studied up to « ks 40 as its 
index of refraction is close to that of the suspending water. For low- 
concentration polycrystalline samples the structure is identified from 
the sequence of Bragg reflections. For samples showing double-peak 
structures (PS 120, curve d) and for the more turbid samples additional 
measurements were carried out exploiting the different symmetry of 
the 2D- scattering patterns [24] 



of a finite shear modulus, G'. Close to the freezing 
transition both samples form body-centred-cubic (bcc) 
polycrystalline materials. PS 120 shows a transition to 
face-centred cubic [24] which is absent for PTFE180. 
Long range order is lost for PTFE180 at « = 35 As 
the elasticity data (sensitive to the local neighbourhood 
of a particle [23]) are well described by a single theoretical 
curve, the observed short-range order remains of bcc 
structure. 

Visual inspection shows a rapid decrease in the 
crystallite size with increasing n. The average linear 
dimension, L, of the crystallites (assumed to be cube 
shaped) was estimated from the full width at half- 
maximum, Aq, using L = 2nKjAq, with the Scherrer 
constant K= t.l55. For both samples L decreases with 
increasing n, with minimum values of a few microns 
only. Following Aastuen et al. [25] the nucleation rate 
densities /, were determined using l.t58 
where the crystalline number density is p—ljL^ and 
the growth velocities are v w 0.1 Z)o/q(NN (self-diffusion 
coefficient Dq^ nearest-neighbour distance cInn) [4]- The 
calculated J values are much larger than for HS and 
keep increasing. 

The PTFE180 intermediate scattering functions [26] 
show a monoexponential relaxation for the fluid and a 
short- and long-time decay separated by a plateau for 
the solids. With increasing n its height decreases. Eor 
both freshly prepared (shaken) and aged amorphous 
samples the long-time decay is nearly absent. The 
incomplete short-time relaxation is interpreted con- 
ventionally as “rattling in the cage” of nearest 
neighbours. Possibly, the long-time relaxation is due 
to grain boundary diffusion [27], ripening processes or 
crystal stress relaxation. Our observation is consistent 
with an increase in the ratio of the cluster surface to 




q / q / |jm'’ 
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Fig. 2 Shear modulii as a function of n. Left: PS 120. The solid line is a 
fit of the theoretical expression to the body-centred-cubic {bee) data, 
yeilding Z*q = 474. The dashed line is a prediction for face-centred- 
cubic (fee) using this value. Note the close agreement irrespective of 
grain size. A further transition to an as yet unidentified phase is 
observed at « as 8 (not shown). Right: PTFE180. Note the 
change of scale. The scatter of the data is somewhat larger, as the 
lower resonator surface is less well defined with ion-exchange resin 
beads present at the bottom of the cell. Above « = 40 firar^ 
centrifuging the beads leads to long-lived shear-induced structures. 
The solid line is a fit of the theoretical expression for bcc to the data, 
yielding Z*g= 350. Note that up to the largest n no transition to an 
fee local order is observed 



the bulk particles as L decreases and, simultaneous, a 
decrease in the interfacial diffusivity as the amorphous 
state is approached. 



Discussion: a new route into the amorphous state 

The structural picture emerging is that of a piling of small 
crystal-like clusters of a few hundred to thousand 
particles, either adjacent to each other or separated by 
interfacial regions of frozen long-time dynamics. 
Although in our case the cluster sizes are somewhat 
larger, this picture is strongly reminiscent of the Bernal 
fluid [28] derived from the impossibility of perfect 
tetrahedral dense packing of HS. Since with long-range 
repulsions less dense packings are preferred, the bcc local 
structures observed. 

Both this proposed structure and the route taken 
differ significantly from the results of previous experi- 
mental studies [5-7, 13-21] and computer simultaneous 
[8, 10, 11]. In these, crystallisation was successfully 
suppressed or at least sufficiently slowed to observe 
freezing of long-range density fluctuations in an isotropic 
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Fig. 4 Left: Qualitative differences in the intermediate scattering 
function /(^„, t) for differently concentrated PTFE180 measured at 
the position of the first maximum, of the static structure factor. 
The data were ensemble-averaged using the method of Pusey and van 
Megen [26], Particle number densities: fluid: n = 0.01 large 

crystals: n = A nanocrystals n= 10 fresh and glass aged 1 
year: « = 35 While multiple scattering effects strongly influence 

the dynamic data od PS 120 (not shown) a qualitatively similar 
behaviour is observed. Right: Semilogarithmic plot of absolute 
nucleation rate densities, /, for PTFE180 and two hard-sphere (HS) 
samples [4, 7] versus the packing fraction, <l> = n(4nj3)a^. Upper scale: 
PTFE180: lower scale: FIS. The shadowed area denotes the region 
where crystallisation is observed in the HS case: Op = 0.495 < 
O < 0.57<I>g. As <I>G is approached the HS nucleation densities 
decrease. The J values of the charged sample are much larger than for 
the two HS systems and show a continuous increase. In contrast to 
previous studies no observation of the metastable melt is possible 



and homogeneous metastable melt. In particular, in 
several HS cases the nucleation rate density was not only 
found to be much slower than for charged spheres, but 
moreover observed to decrease significantly as the GT is 
approached [4]. In contrast, here the GT predicted [2, 3] 
by theories of the mode-coupling class is preempted by 
the formation of crystallites from a still highly diffusive 
melt. In these, already at low n large-scale density 
fluctuations are frozen. All that seems left of the GT is 
that at large n the slow relaxation also cease. Therefore, 



the amorphous state is reached on a new route via a 
nanocrystalline intermediate of coupled structural and 
dynamic heterogeneity. This is facilitated by a consider- 
able increase in the nucleation rates. 



Conclusion 

We exploited advanced conditioning techniques and a 
newly designed multipurpose light scattering instrument 
to access the GT of charged colloidal spheres. For the 
first time the competition between crystallisation and 
vitrification was studied in detail as a function of the 
increased particle number density. We observed that 
apart from suppression (for HS, polydisperse systems, 
etc.) the enhancement of crystal nucleation may also lead 
to the amorphous state. We hope to have added a new, 
fascinating and important perspective to the discussion 
of solidification scenarios of soft matter model systems 
which also should have implications for an advanced 
understanding of other fast crystallising but less 
accessible atomic or molecular materials. 
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Abstract A sticking probability 
model for irreversible aggregation 
processes is developed. It allows a 
kernel capable of describing not only 
the diffusion-limited and reaction- 
limited aggregation regimes but also 
the whole transition region to be 
deduced. According to the definition 
given by van Dongen and Ernst, the 
kernel establishes A = 0 for the entire 
range of sticking probabilities. The 
model presented gives further insight 
into the detailed aggregation 
mechanism for slow aggregation 
processes. 
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The stage of aggregation for a given system may be 
characterized by the cluster-size distribution, N — {N\, 
N 2 ,N^ . . . ,Ni, . . .), where Nj denotes the number of /-size 
clusters. For irreversible aggregation processes in dilute 
systems, the time evolution of the probability, P{N, /), for 
finding the system in a given state, N, is given by the 
nondeterministic mean-field master equation [1,2] 

^ + l)(Ay + 1 + Sij)P{N*j, t) 

ij 

-Ni{Nj-3ij)P{N,t)] , (1) 

where V is the volume of the system and N*j is defined 
as 

r l,...,Ay+l,...,A,.+y-l,...) for/Vy 

h- \(...,A, + 2,...,A2,-1,...) for/=y ■ 

All physical information about the aggregation mecha- 
nism is contained in the kernel, kij, which quantifies the 
mean rate at which two clusters of size / and / form a 
(/ + y)-size cluster. 



Initial studies were concerned principally with the 
diffusion-limited cluster aggregation (DLCA) regime, 
where the clusters diffuse and form a new bond as soon as 
they collide. The DLCA kinetics is well described by the 
Brownian Kernel [2-A]. For this regime, DLCA exper- 
iments and computer simulations yield a fractal dimen- 
sion close to 1.75 and A = 0 [3, 5-8]. Here, A is the 
homogeneity exponent defined by the relationship 
kai,aj a'kij for large cluster sizes, where a is a positive 
constant [9]. Experimental and computer simulated data 
agree perfectly with the Brownian kernel solutions of the 
master equation. The analytical expression for this kernel 
is kfj — ^ (/'/A + where = 

MT /3rj is the Smoluchowski dimer formation rate 
constant. Here, kT is the thermal energy, r\ is the solvent 
viscosity and df is the cluster fractal dimension. Accord- 
ing to its definition, the Brownian kernel has 1 — 0. It 
may be written as A:®*' (W) where Qif represents the 

average diffusion time spent by two /- and y-size clusters 
before they collide. 

Reaction-limited cluster aggregation (RLCA) occurs 
when a large number of cluster-cluster collisions is 
needed before a bond is formed. From experiments and 



computer simulations, a fractal dimension of 2.1 is 
commonly obtained. Nevertheless, a wide range of values 
for X is reported in the literature. This values usually lie 
between 0.5 and 1 [2, 3, 10, 11]. But, is this in agreement 
with the RLCA nature? According to its definition, X 
determines how the rate constants change with the cluster 
size. The value obtained for the Brownian kernel, X = 0, 
means that ku = kjj for i » j when asymptotic conditions 
are established. A positive X implies that the cluster 
reactivity increases with cluster size, i.e. ku > kjj for 
i » j. Hence, for a sufficiently large cluster size, kernels 
with positive X will have larger rate constants than the 
Brownian kernel. This is, of course, nonphysical since an 
aggregation regime, which involves not only the diffusion 
of aggregates but also an additional difficulty for forming 
new bonds, cannot become faster than that limited only 
by diffusion [10, 12]. It is no casuality that the RLCA 
regime is also called the “slow aggregation regime”. In 
conclusion, not only the RLCA regime but also whole 
transition region from DLCA to RLCA must be 
characterized by a kernel having X <0. Here, we propose 
a novel aggregation kernel which fulfills these theoretical 
constraints. 

For this purpose, it is convenient to distinguish 
between cluster-cluster collision and cluster-cluster 
encounter. In this work, we call “collision” the situation 
when two clusters touch each other and define “encoun- 
ter” as a sequence of consecutive collisions between a 
given pair of clusters. This means that an encounter 
starts with the first collision and ends when the clusters 
aggregate or diffuse away. So, a given cluster spends an 
average time tdif between two consecutive encounters 
and an average time tc between two consecutive 
collisions. 

The proposed aggregation model is based on the 
expression kij ^ where {t) is the average time 

needed for aggregation by a pair i- and /-size clusters. The 
clusters are considered to move by Brownian motion and 
to collide after the average diffusion time tdif- Generally, 
not every collision leads to aggregation and so a sticking 
probability, P, must be defined. Consequently, (1-R) is 
the probability for a collision which does not lead to the 
formation of a new bond. If the clusters aggregate 
immediately, they took an average time tdif for the whole 
process. If they do not, they may collide again or diffuse 
away in order to collide with a third cluster. Hence, it is 
convenient to define as the probability for the clusters 



to collide again. Since the collision cross-section grows 
with cluster size, one expects that the bigger the clusters 
are, the bigger P^ becomes. The probability for the 
clusters to diffuse away, i.e. to quit an encounter without 
forming a new bond, is given by (1-Pc)- As an example of 
a more complex aggregation process, the following event 
may be considered. Two clusters diffuse and collide 
twice. Then one of them diffuses away and collides three 
times with a third cluster before forming a new bond. A 
schematic time and probability diagram of this particular 
process is shown in Fig. 1. The average time for this 
event is 4v = 2idif + 3 l since it consists of two encounters 
with two and three consecutive collisions, respectively. 
The probability for this event is given by Pev = P(1 — P^ 
(1 — Pc)PI- In order to determine the average aggregation 
time, {t), it is necessary to consider all possible events 
weighted by the corresponding probability; hence, {t) 
becomes 

{t) = ^ ^ev^’ev • (2) 

ev 

This equation is consistent only if 1 = Xlev^ev is verified. 

Now, it is necessary to find a general expression for Pev 
and tev For that purpose we construct Table 1, which 
contains all possible events with fewer than five collisions 
and the corresponding probabilities. Here, an encounter 
formed by n collisions is denoted as e(n) and a given event 
is symbolized by a series of encounters e(n)e(m)e(/). . . 
Hence, the event e(2)e(3) corresponds to the example 
given in Fig. 1. It should be noticed that some events 
have the same average time and probability. We call 
these kinds of events “equivalent events”. So, Eq. (2) 
may be expressed as 

(f) ~ ^ ^ ^ev'fev'Pev' i (3) 

ev' 

where q is the number of equivalent events. Equation 3 is 
consistent only when 1 = Ylev' ^ev'Rev'- Using Table 1, the 
following general expressions may be deduced 

, (4) 

tQv'ik-, 0 “ O^dif ^ •) (5) 

P,,,{k,l)^P{l-Pf-'p'^{\-P,f-‘-' , (6) 

which lead to 



Fig. 1 Schematic time and 
probability diagram for a par- 
ticular aggregation event 



start ->• F* diffusion step ->■ F* encounter -> 2 diffusion step ->■ encounter ->• aggregation 




(1-P) Pe (1-P) (1-PJ (1-P) P, (1-P) P, P 

/ \ .. / t \ 

F* collision 2"'^ collision F* collision 2"‘* collision collision 





89 



Table 1 Event times and prob- 
abilities obtained for events 
composed by less than five col- 
lisions. Notation e(m)e(n) refers 
to an event composed by two 
encounters of m and n collisions 
respectively, q is the number of 
equivalent events, k is the col- 
lisions number and 1 is the 
number of collision times, 



Event 


Time 


Probability 


1 


k 


/ 


e(l) 


^dif 


P 




1 


1 


0 


e(l)e(l) 


2?dif 


P{\- 


-^)(1-A) 


1 


2 


0 


e(2) 


^dif 


P{\- 


-P)Pc 


1 


2 


1 


e(l)e(l)e(l) 


3?dif 


P{\- 


-pf(\-p,f 


1 


3 


0 


e(l)e(2), e(2)e(l) 


2?"dif 


P{\- 


-P) Pc(l-Pc) 


2 


3 


1 


e(3) 


^dif + 2?c 


P{\- 


-pfpl 


1 


3 


2 


e(l)e(l)e(l)e(l) 


4?dif 


P{\- 


-P) (1-Pe)' , 


1 


4 


0 


e(l)e(l)e(2), e(l) e(2) e(l), e(2) e(l) e(l) 


3?"dif 


P{\- 


-PfP,{\-P,f 


3 


4 


1 


e(2) e(2), e(l) e(3), e(3) e(l) 


2?dif + 2?c 


P{\- 


-P)V/(l-Pe) 


3 


4 


2 


e(4) 


(dif “h 3?c 


P{\- 


-P) PI 


1 


4 


3 



1 — ^ ^ <Jsv'Pev' 
ev' 

= ■ ( 7 ) 

k=l Z=0 k ' / 

Here, the limits of the sums are established so that all 
possible events are taken into account. Considering that 

J2'x=o ( ^ = (a + by , Eq. (7) reduces to 

oo'^ ' 
lt=l 

CX) 1 

= gP(l-P)‘-'=Pj-^=l (8) 

and so is correct. 

The average aggregation time may be evaluated by 
combining Eqs. (3), (4), (5) and (6) which yields 

w = EE( / )p-ow+/c] 

k=\ 1=0 \ ^ / 

P( 1 - ‘p,' ( 1 - ‘ • (9) 

This expression may be transformed into 

°° ^ f k\ 

k=Q Z=0 k ' / 

oo ^ / If \ 

- t^yp{i - pf^i( )pyi - Pff-‘ . 

k=0 1=0 ^ ^ / 



^x=0 



Taking into account that ^ 

and Y7x=o^( — ya{a + bY^\ one obtains 



(f)=P 



V 

r-i 



(10) 
= {a + by 



k,{f^{k+m-pf+{tf- tdif) ^k{i-p)'‘p. 



k=0 



k=0 



which finally leads to 
{t)^P 



^dif , / i p 

^+(fc-W) p2 Pc 



( 11 ) 

( 12 ) 



This equation expresses the average aggregation time as a 
function of the quantities P, Pc, tdif and tf. Its reciprocal 
value is the kernel for irreversible aggregation. Note that 
idif, C and Pc are, in general, functions of the cluster size. 
As expected, Eq. (12) leads to tdif for a sticking 
probability of P — I, i.e. the kernel reduces to the 
Brownian kernel. When P — > 0, the average aggregation 
time tends to infinity unless C = 0 and P^= \, which 
represents a pathological case. This means that reaction- 
controlled aggregation processes, characterized by an 
extremely small sticking probability, would develop on 
an extremely long time scale, which is absolutely 
intuitive. Eurthermore, Eq. (12) gives average aggrega- 
tion times which are longer than tdif for all sticking 
probabilities smaller than unity. This means that the non- 
DECA rate constants are always smaller than the DECA 
ones. Consequently, Eq. (12) establishes A < 0 indepen- 
dently of the aggregation regime. 

Unfortunately, Eq. (12) is based on quantities which 
are not directly accessible. In particular, this refers to C 
and Pc and so it becomes necessary to hnd expressions for 
both. Eor this purpose, it is convenient to review the 
constrains used to deduce the master equation (Eq. 1). 
This equation, which defines the kernel, is based on a 
mean-field approximation and is valid only for dilute 
systems. In such systems, the average diffusion time, tdif, 
is expected to be much longer than the average time, t^, 
spent between consecutive collisions; hence, we simply 
neglect C for further calculations. On the other hand, the 
probability Pc is related to the mean number of collisions 
per encounter for a nonaggregating system. This quantity 
is given by A" = iPi'^'^(l - Pc) = 1/(1 - Pc). As 

mentioned earlier, it is reasonable to allow Jf to be size- 
dependent. Since the dependency must be a symmetric 
function of the cluster sizes i and j, we assume 
= Here, jPu is the mean number of 

monomer collisions per encounter and b is a constant. 
Substituting Pc in Eq. (12) finally leads to 

4(l+PK„(zyf -1]) 

For a large cluster sizes, this kernel approaches the 
Brownian kernel and, hence, has 2 = 0 for all sticking 
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Fig. 2 Time evolution of the weight-average cluster size, 
calculated for the sticking probabilities 0.5, 0.05 and 0.005 



probabilities, P. It should be pointed out that for very 
small P and not too large clusters, i.e. P[J^\\{ij)‘’] 1, 

an apparent /.app = 2b may be obtained. Here, “appar- 
ent” should be understood as not truly asymptotic. This 
nonasymptotic region extends to longer times the smaller 
P becomes. This makes it clear that the positive X values 
reported for RLCA experiments and computer simula- 
tions correspond to lapp- 

In order to test the proposed aggregation kernel by 
Eq. (13), we study the corresponding solutions of the 
master equation. For this purpose, the stochastic algo- 
rithm described in Refs [1, 2] was used to solve Eq. (1) for 
monomeric initial conditions and a volume fraction of 
5 X 10^"*. In order to achieve reliable statistics, the initial 
number of particles was set to Aq = 10^. The aggregation 
kernel is a function of kf™, P, d{, and b. Here, kf™ 
was calculated from the theoretical expression 
kf” = 8kr/3f7. This yields kff' = 11.1 x IQ-'^^m^s-' for 
aqueous systems at 293 K. P was set to 0.5, 0.05 and 
0.005 and d{ to 1.75, 1.9 and 2.1. As we commented 
earlier, RLCA experiments and simulations have 
0.5 < 2app = 2h < 1 and so b = 0.35 was chosen as a 



reasonable value. Finally, = 6.1 was obtained 
directly from simulations of non sticking particles. 

Time evolutions of the weight-average cluster size, 
SSi ^ logarithmic for sticking prob- 

abilities 0.5, 0.05 and 0.005 on algorithmic scale are 
shown in Fig. 2. For all the curves, three well-defined 
regions may be distinguished. For short times, «w starts 
from unity and, as expected, grows faster for larger 
sticking probabilities. At intermediate times, an apparent 
asymptotic behaviour appears and remains up to rela- 
tively long aggregation times. Here, reaches quite 
large values. For truly asymptotic conditions, / controls 
the time evolution of the according to the relationship 
«w Analogously, we may dehne an apparent Aapp 

for the intermediate region by using the same relation- 
ship, i.e. ^ It can be clearly seen that the slope 

of the curves, 1/(1 — iapp), increase for decreasing 
sticking probabilities. In the limiting case R 0, a slope 
of 1/(1 — 2b) is expected. This means that lapp grows for 
decreasing P up to the limiting value of 2b. The third 
region corresponds to very long times and extremely 
large cluster sizes. Here, all curves approach the same 
real asymptotic behaviour where X becomes 0. As can be 
seen, the curves for different P never cross the limiting 
DLCA curve. So, the proposed kernel predicts an 
asymptotic long-time behaviour consistent with theoret- 
ical considerations. This region is, however, very difficult 
to achieve in experiments and simulations owing to the 
extremely large size of the corresponding clusters. 

In conclusion, the proposed probabilistic model helps 
to understand how the RLCA regime works and gives rise 
to a physically deduced kernel which describes the time 
evolution of the cluster size distributions for all times, 
cluster sizes and sticking probabilities. Furthermore, it 
gives a plausible explanation for the apparent DLCA- 
RLCA / contradiction mentioned at the beginning of this 
work and establishes A = 0 for the real asymptotic 
behaviour independently of the aggregation regime. 
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Abstract We report first measure- 
ments of the crystal growth velocity 
in deionised two-component aque- 
ous suspensions of charged polysty- 
rene latex spheres. The size ratio was 
1:1.3 and mixing ratios up to 18% of 
the larger particle were investigated. 
For the pure components limiting 
growth velocities of (voo,i 20 = 4.8 /tm 
s“' and Voo 156 = 2.9 ^m s“') were 
observed. In the mixture v drops 
with increasing mixing ratio even 
below (voo. 156 ) of the large minority 



component. Careful monitoring of 
the deionisation procedure excludes 
the explanation of enhanced ionic 
contamination. Alternatives based 
on the kinetics of particle attach- 
ment and the position of the phase 
boundary are discussed. 



Key words Effective mobility • 
Bragg microscopy • Crystal growth 
velocity • Diffusion coefficient 



Introduction 

The colloid specific length and time scales are much 
longer than for thermal fluctuations in molecular sub- 
stances. Owing to this, particles of spherical interaction 
potential provide a useful model to test mean-field 
approaches fo solidification kinetics. For single-compo- 
nent systems of various repulsive interactions in partic- 
ular, the validity of the Becker-Doring theory of 
nucleation [1] and the Wilson-Frenkel (WF) theory of 
growth [2] have already been tested successfully. For 
mixed systems phase diagrams show a rich variety, 
ranging from alloy formation to precipitation glass 
formation or aggregation [3, 4]. Studies of crystal growth 
kinetics in such systems are still in demand. 

We present here the first measurement on a mixture of 
size ratio f:1.3 under conditions of fixed particle concen- 
tration. We replaced small by big particles stepwise up to 
minority fractions of ~ 0.18. The experiments were 
conducted under deionised conditions and at a particle 
concentration where all the samples, including the pure 
suspensions, were completely solidified at equilibrium. 
The samples are shear-molten and after the shear ended 
readily solidified via heterogeneous nucleation at the cell 



wall with subsequent quasiepitaxial growth. The former- 
ly applied shear orients the nuclei and oriented although 
twinned, crystals result. Their (1 1 0) plane is parallel to 
the cell wall with the (111) direction parallel to the 
formerly applied flow direction. Growth proceeds inward 
in the (110) direction. For the one-component system 
the velocity was found to obey a WF law; 

V = Voo[l - expi-Afi/ksT)] , (1) 

where is the difference in the chemical potential 
between the melt and the solid and k^T is the thermal 
energy. The limiting growth velocity, Voo, was found to be 
of the order of 2-20 /ims“^ [5]. 

The crystals were observed by Bragg microscopy. 
Details of the version of the technique used here have 
been given recently [6]. This and other versions of the 
technique have been employed before to study growth in 
single-component suspensions, as well as nucleation and 
ripening or nonequilibrium phase distributions under 
shear flow [6-1 f]. It was used here for the first time to 
study solidification of mixed systems. Examples from the 
samples discussed here are shown in Fig. Ib-d. Note that 
in cells of rectangular cross-section four crystals result as 
sketched in Fig. la. 
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Fig. 1 a Cross section through the sample cell. Note that four 
crystallites are growing inwards. The cell is observed from the top, 
thus shifting the cell either yields a side view of crystals growing 
horizontally or a top view of crystals growing vertically, b, c Examples 
of wall-nucleated crystallites as observed by Bragg microscopy, b Side 
view: high electrolyte content; planar growth front, c Top view: high 
electrolyte content; cloudlike twin pattern, d Side view: thoroughly 
deionised; toothlike growth front 

In what follows we first give an outline of the sample 
conditioning and optical techniques, then present the 
results and finally discuss fhe observed dependencies of 
the measured growth velocities on the deionisation time 
and the mixing ratio. 



Sample conditioning 

Two commercially available species of charged polysty- 
rene spheres in aqueous suspension were investigated 
(henceforth termed PS120 and PS156). Before preparing 
mixtures of these, they were carefully characterised by 
various experiments. The most important results are 
compiled in Table 1. 

Two boundary conditions were to be met in that 
choice. First n should be large enough to be very close to 
the limiting growth velocity for the pure systems. On the 



other hand, it should be lower than the body-centred- 
cubic (bcc)/face-centred-cubic (fee) transition for PS120 
in order to keep the experiment conceptionally simple. 
For n = 0.47 both pure systems are of bcc structure 
and Vi 2 o is only slightly lower than Voo,i 20 - Experiments 
were then conducted at this fixed n, i.e. PS 120 parficles 
were replaced sfepwise by PS 156 wifhout allering the 
lattice constant. They were further intended to be 
conducted under thoroughly deionised conditions. 

For deionising the samples we used an advanced, 
continuous procedure. Details have recently been given 
elsewhere [13]. In short, the suspension is peristaltically 
cycled through a closed tubing system connecting various 
components. It includes an ion-exchange cell filled wifh a 
mixed-bed ion-exchange resin (Amberlife, Rohm & 
Haas, France). This can be bypassed, if desired. A 
reservoir under an inert gas atmosphere allows the 
removal or the addition of the suspension to adjust the 
particle concentration and the sample composition. 
Further, several measuring cells may be incorporated: a 
cell for microscopy, a cell for static light scattering, etc. 

To control the deionisation process we monitored the 
conductivity (Bridge WTW535, electrode LTAOl, WTW, 
Weilheim, Germany). The conductivity shows a sharp 
drop and a constant low value is reached after some 30- 
60 min. In studies reported previously and in this volume 
deionisation was usually continued for at least 4 times 
that period. Sometimes, and in particular at low n, even a 
shallow minimum is visible [13-15]. Achievement of 
minimum conductivity, however, is not necessarily 
identical to reaching the point of complete deionisation. 
To make this point explicit we show measured growth 
velocities as a function of deionisation time in Fig. 2. 

The initially observed growth velocity drops with 
increasing Xis6- For Xi 56 = 0.18 no growth was observed 
immediately after reaching minimum conductivity. In 
general, however, v increases with continued deionisation 
time and saturates at a constant value after some hours. 
For the measurements presented later this value was 
taken as the growth velocity under thoroughly deionised 
conditions. We note that once this state is reached, 
further contamination proceeds mainly via CO 2 leaking 
in through httings, etc. Interestingly that impurity can be 
removed on a much faster time scale. Even more 
importantly, the times to reach minimum conductivities 
and maximum growth velocities coincide. 



Table 1 Pure component properties. nominal diameter; 2ah: charge from shear modulus measurements [12]; v^o: limiting growth 

hydrodynamic diameter as measured by dynamic light scattering; velocity at infinite “undercooling”; structure, shear modulus, G, 
Z*: effectively transported charge from conductivity; Z^: effective and growth velocity v under the conditions used for the mixture 
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Fig. 2 Growth velocities in different mixtures as a function of 
deionisation time 



Fig. 3 Extension of different wall crystallites as a function of time 
elapsed after cessation of shear. While the growth velocities coincide 
within experimental error, the growth duration is different 



Growth measurements 

Measurements of the growth velocity and the charac- 
terisation of the sample morphology were performed 
using Bragg microscopy. The optical cell of rectangular 
cross-section (2x10 mm^) was mounted on the stage of 
an optical microscope (Laborlux 12, Leitz, Wetzlar, 
Germany) equipped with a video camera. The cell was 
illuminated from below using a cold white light source. 
The latter was adjusted under angles 0 and cp to induce 
Bragg reflections of the crystals in the direction of the 
microscope objective, i.e. normal to the cell wall. In 
principle, this optical path represents an inversion of the 
one used in static light scattering [5]. 

As shown in Fig. Ib-d, properly oriented crystals are 
visible as bright, colourful regions. The images in Fig. la 
and b were taken just after reaching minimum conduc- 
tivity. The crystal grows as a compact entity with a rather 
flat upper surface. The image was taken close to a side 
wall of the cell. Observation of the central part of the cell 
reveals a cloudlike pattern. It corresponds to a top view 
of the wall crystal. In this case the illumination was 
adjusted such that the Bragg condition was fulfilled for 
only one of the possible (110) bcc twin orientations [6]. 
We thus observe the twin domain pattern of the wall 
crystal. The lower image was taken as a side view, now 
after long deionisation. The morphology appears to be 
column- or toothlike with different extensions in the 
z-direction. The extension was measured as a function of 
time and is plotted for two different columns in Fig. 3. 

The difference in fhe final extension is caused by 
different times of growth abortion, while the growth 
velocities are nearly identical. Different abortion times 
are thought to result from some interaction between 
crystals growing in perpendicular directions, as sketched 
in Fig. la. In contrast, we did not observe a strong 




Fraction PS156 

Fig. 4 Maximum growth velocities obtained after thorough deioni- 
sation for the pure components and mixtures of different We 
observe a pronounced drop in v with increasing X156. The solid line is a 
guide for the eye. The dashed line gives an expectation for the case that 
the velocity change is caused only by the changes in the average 
diffusion coefficient 

influence of the composition on the morphology. This 
and measurements of the properties of a similar system 
[15] seem to indicate that crystalline alloys of random 
distribution of components are formed. In particular, the 
feasibility of Bragg microscopy under unchanged 0 and 
(p for all compositions shows that the structure remains 
bcc throughout. 

The results of growth measurements for seven sus- 
pensions with fractions of 0, 0.02, 0.05, 0.08, 0.11, 
0.14, 0.18 and 1 are shown in Fig. 4. The growth velocity 
decreases with increasing In fact, it even falls below 
the value of pure PS 156. Preliminary measurements at 
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slightly elevated salt concentration (where wall crystal 
growth is the dominant solidihcation mechanism even at 
considerably larger confirm this trend and show a 
minimum growth velocity of some 2.5 /ims“^ at 
Zi56-0.18. 



Discussion 

Two points need further clarification. The unexpected 
increase in v during continued deionisation at constant 
conductivity and the drop in v with increasing Xi^f,. 

Since the particle number density stays constant any 
changes in v have to be attributed to changes in the salt 
concentration [11]. In particular, we have to suspect a 
continued decrease of salt concentration at constant or 
slightly increasing conductivity. To further explore this 
point we carried out deionisation experiments on aque- 
ous electrolytes to find the rate of anion exchange to 
signihcantly exceed the rate of cation exchange. Thus, 
during deionisation from a pH neutral electrolyte (NaCl) 
a transient excess concentration of Na^ appears. 
Deionisation of a suspension therefore corresponds to 
the backward performance of an acid-base titration. 

Not in all cases, however, was a pronounced mini- 
mum observed. In particular, for cases of low charge 
ratio Z*JZ the conductivity drops monotonously with 
time. (Here Z* is the number of counterions visible in the 
conductivity experiment and Z the number of dissociated 
surface groups.) To explain this hnding we resort to 
Hessinger’s model of conductivity [16]. It divides the 
electrical double layer into an outer part, where all ionic 
species are freely migrating with their bulk mobilities, 
and an inner part of counterions moving with the 
particle. The total conductivity is then given by the sum 
over all particles. Further only the number Z — Z*JZ of 
bound counterions is conserved, but exchange is allowed 
between the two parts of the double layer. Consequently 
at low Z*JZ added Na^ will show up with an effective 
mobility close to that of H^, while at large Z*JZ the 
effective mobility is close to the lower value of Na^. 
Colons are assumed to stay outside the inner region and 
always contribute with their bulk mobility. 

The transient excess of Na^ lowers the average 
counterion mobility and at large charge ratios a mini- 
mum is observed. It disappears as a pure protonic 
counterion cloud is established. At low charge ratio, the 
effect is less pronounced and is compensated by the 
continuous decrease in anion concentration. Therefore, 
in most of the present cases the conductivity was 
observed to stay constant during a further decrease in 
the salt concentration. The latter then translated into an 
increase in v. 

The second point is of more fundamental interest. 
Why does the growth velocity of the mixtures drop below 
the values of the pure component? Mixtures were 



prepared at a particle concentration where for the pure 
components the limiting velocity was nearly reached. For 
further discussion it is instructive to recall the expression 
for the limiting growth velocity. 

According to Wiirth it should be given by = Dd/f' 
[17]; this is also discussed in some detail in Ref. [5]. Here 
D is an appropriate diffusion coefficient and i is the 
average distance of a particle in the melt to its target 
place in the crystal. Growth may be accelerated consid- 
erably if a hnite thickness of the interface is allowed. 
Then, the time available for a particle to hnd its target 
place is given by the interfacial speed, v, times its 
thickness, d. Putting this in numbers, i.e. taking D = 0.1 
Dq [17] and f = ^7NN, the nearest-neighbour spacing, an 
interfacial thickness, d, of a few layers results [11]. 

Within the WF approach, two effects may possibly 
explain our findings. First changes in are consid- 
ered. For the mixtures is considerably smaller 

than Di 2 o and, at constant n (implying constant £) and 
d, a drop in v is expected through the decrease in v^o. 
This is indicated by the dashed line in Fig. 4. This 
alone cannot explain our data. The experimentally 
observed drop may alternatively be attributed to a 
change in d. A corresponding physical explanation 
would be a disturbance of the layer structure by the 
added minority component. 

A second possibility concerns variations in the second 
term of Eq. (1). We assumed that for both pure samples 
we are sufficiently far from the phase boundary to 
observe the limiting velocity, Vqo, or values very close to 
this. Experiments were carried out after thorough 
deionisation and at a constant particle density. The 
previous explanation nevertheless relied on the assump- 
tion that the condition of a sufficiently large chemical 
potential difference between the melt and the solid is also 
retained for arbitrary composition. In fact it should 
slightly increase as the more strongly metastable com- 
ponent PS156 is added. This may not be the case. Meller 
and Stavans [3], for instance, have shown several 
examples of charged mixtures where the position of the 
phase boundary in an n-X diagram was not a linear 
function of X. We may thus be closer to freezing than 
expected and measure an intermediate (smaller) v than 
the corresponding Voo- 



Conclusions 

Bragg microscopy served as a versatile tool to study the 
morphology and crystal growth kinetics in mixed 
colloidal suspensions. It further served as an additional 
control of the state of deionisation. Referring to 
Hessinger’s conductivity model the interesting observa- 
tion of a changed growth velocity at constant conduc- 
tivity was explained with a transient excess of cationic 
impurities. 
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With this technique we performed the first quantita- 
tive measurements on mixed colloidal crystals. An 
unexpectedly strong decrease in the growth velocity 
was observed. Further experiments are now being 
conducted over a broader range of parameters to 
discriminate between possible origins. At present we 
favour either a disturbance of the interfacial structure by 



the added component or a curved phase boundary as 
explanations. 
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Abstract Ti02 mesostructured films 
have been made on glass slides by a 
dip-coating process, using ethanolic 
solutions containing titanium iso- 
propoxide and poly(ethylene glycol) 
oligomers of various chain lengths. 
This convenient and easy procedure 
provides a means of controlling the 
size of titania nanoparticles, as well 
as the fractality and the roughness 



of the film surface by simply choos- 
ing the size of the oligomer chain 
length. 



Key words Titania • Films • 
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Introduction 

Materials that contain titanium dioxide nanoparticles, 
either in colloidal solutions or in solid films, have become 
very popular, owing to a multitude of applications, such 
as solar cells [1-6], lithium batteries [7, 8], air-purification 
systems and treatment of wastewater [9-t4], catalysis 
[15-17], biocompatible materials [18, 19], metal recovery 
[20], laser scatter-gain materials [21], etc. Recently 
increased attention has been paid to thin nanostructured 
titanium dioxide films [22-29] since the possibility of 
making solar cells and air-purification arrays based on 
these systems seems to be about to become reality. The 
usual points raised by most recent work are related to the 
size, shape and order of the nanoparticles that make up 
the films [22, 24], as well as the morphology, roughness, 
fractality and thickness of the films. The production of 
open, highly porous structures is important because of 
their large surface area, which allows extensive contact 
with the reaction medium. At the same time, continuity 
should exist between nanoparticles in order to prevent 
traps and dead spots that would deplete the efficiency of 
the film [22]. The size of the nanoparticles is an additional 
important parameter that affects the electronic properties 
and the absorption onset of the nanocrystallites [30] and 
should be taken into account [31]. 

In the present work, we present Ti02 films made by a 
very simple method, using poly(ethylene glycol) (PEG) 



oligomers [13] as templates. Composite organic-inor- 
ganic materials, where the organic subphase plays the 
role of a template to produce mesoporous oxides, is a 
method that is gaining ground in materials science. Even 
though surfactants are the most popular choice for 
templates, polymers appear to offer the possibility of very 
interesting and unusually structured materials. For 
example, “coral-like” Ti 02 structures have been made 
by using polymer gels as templates [22]. Well-ordered 
hexagonal mesoporous silica structures have been ob- 
tained using triblock copolymer templates [32], while 
macroporous materials with highly ordered three-dimen- 
sional arrays of spheroidal voids have been made using 
latex particles as templates [33]. PEG oligomers offer 
extensive choice and control of the type of films made in 
their presence. Parameters such as the size of the 
nanoparticles, film thickness, surface roughness and 
surface fractal dimension can be easily controlled by 
simply choosing the length of the PEG chain. The scope 
of the present work is to demonstrate the great capacity 
of this novel method. 



Materials and methods 

All the chemicals used in the present work were from Aldrich and 
were used as received. TiOa thin films were made by the following 
procedure [13]. Ethanol (8 g) was flashed with dry N 2 to reduce the 
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amount of dissolved water and oxygen. Then, 1 g PEG followed by 
1 g titanium isopropoxide were added under stirring. Finally, a 
glass slide, previously cleaned in sulfochromic solution, was dipped 
in the solution and was withdrawn at a speed of 42 mm/min. The 
film obtained was left to dry in air and was subsequently calcinated 
at 450 °C in air. 

Absorption measurements were made with a Cary IE spectro- 
photometer and atomic force microscopy (AFM) images were 
obtained with a Nanoscope III (Digital Instruments) in tapping 
mode. The film thickness was measured with a Sloan Dektak II A 
stylus profilometer. 



Results and discussion 

PEG oligomers are soluble in ethanol; however, addition 
of titanium isopropoxide affects solutions in a way that 
depends on the PEG chain length. The solution was clear 
up to PEG- 1000 but for longer PEG chains the species 
present in solution were large enough to give a milky 
mixture. The composite organic/inorganic films obtained 
immediately after dipping, as well as the thin oxide films 
obtained after calcination, followed suit. The films made 
using short PEG chains were transparent, while the films 
made with longer PEG chains were milky. Other 
conditions being equal, the chain length also affected 
the thickness of the oxide films, which was smaller in the 
case of shorter chains. The measured film thicknesses are 
given in Table 1, column 2. The absorption spectra of 
films made in the presence of different PEG chains are 
shown in Eig. 1. The film that corresponds to PEG-2000 
is not shown, since it scatters light to such an extent that it 
is practically nontransparent. Figure 1 shows that sam- 
ples made with longer PEG chains have the tendency to 
give an absorption onset at longer wavelength. This shift 
in the absorption onset, albeit small, is justified by the 
change in the particle size and by the ensuing size effects 
on the electronic properties of the semicondnctor [30]. 

AFM images of some films made using PEG of 
different chain lengths are shown in Fig. 2. The films 
consist of random networks of nanoparticles. The 
average particle diameter increased with the size of the 
PEG chain. It was 10 nm in the smallest particles and 
grew to 50 nm in the largest. The size polydispersity was 
very narrow when the particles were smaller, while for 
the larger particles made with the longer PEG chains, the 



Table 1 Various parameters characterizing Ti02 thin films made 
by means of poly(ethylene glycol) oligomer templates 



Poly(ethylene 
glycol) 
chain size 


Film 

thickness 

(fim) 


Average 
particle dia- 
meter (nm) 


Fractal 

dimension 


Rough- 

ness 

(nm) 


200 


0.29 


10 


2.456 


0.84 


400 


0.43 


15 


2.380 


0.97 


600 


1.2 


30 


2.375 


1.57 


1,000 


2.0 


35 


2.250 


3.70 


2,000 


3.5 


35-50 


2.177 


6.19 




wavelength (nm) 

Fig. 1 Absorption spectra of titania films made from ethanolic 
solutions containing poly(ethylene glycol) (PEG): 1 PEG-200; 2 PEG- 
400; 3 PEG-600; 4 PEG- 1000 

particle diameter varied between 35 and 50 nm. The 
average particle diameters are listed in Table 1 (col- 
umn 3). The packing of the nanoparticles was very dense 
in the case of smaller sizes but was much less dense in the 
case of larger particles. The values of the fractal 
dimension of the surface of each film are listed in 
column 4 of Table 1. The fractal dimension,/, expresses 
the surface geometric complexity and, for three-dimen- 
sional images, it is expected to vary between 2.0, for a 
perfectly flat surface, to 3.0, for an infinitely expanded 
surface. The algorithm employed for fractal analysis 
divides the surface into a series of triangles, starting with 
a cell size of 1 x 1. In the first iteration, the surface is 
divided into two triangles. The surface area of each 
triangle is calculated and recorded. In the second 
iteration, each cell is further divided in half, resulting in 
eight triangular cells. In the third iteration 32 triangles 
are defined and so on, until the image has been divided 
into the maximum number of triangles, each having a cell 
size of one pixel. As the number of triangles increases, the 
total surface area of the sample increases. The logarith- 
mic plot of the cell size versus the surface area determines 
the fractal value of the surface. In fact, the fractal 
dimension is defined as the slope of the line obtained by 
plotting the logarithm of the cell size versus the logarithm 
of the cell surface area. The values of / shown in Table 1 
were calculated for images of size 1/rm x l^m, as those 
seen in Fig. 2. It is interesting that the films made using 
short PEG chains and consisting of small nanoparticles 
attained relatively high fractal dimensions, i.e. the total 
surface expansion of the film is very large in that case. As 
the particles became larger, the fractal dimension de- 
creased. The values of the film roughness, are given 
in column 5 of Table 1. is automatically calculated 
by the instrument and it represents the standard devia- 
tion of the z-dimension on the surface of the film. Rough 
surfaces should have large R^^ values. Indeed, as seen in 
Table 1, was smaller for small and densely packed 






98 




I.B rm 




b 





Fig. 2 Atomic force microscopy images of titania films made from 
ethanolic solutions containing a PEG-400, b PEG-600 and c PEG- 
2000 



particles but rapidly became large in the case of larger 
and less densely packed particles./ and always varied 
in opposite directions. 

Hydrolysis of titanium isopropoxide takes place both 
in solution and in air, as soon as the material making the 



film is withdrawn from the solution. Hydrolysis in 
ethanolic solution is limited, since the only available 
water is that solubilized in ethanol, which is further 
limited by the flow of dry N 2 . Thus, the alkoxide 
hydrolysis and condensation steps are completed in the 
atmosphere. Partially hydrolyzed titanium isopropoxide 
is complexed with PEG chains present in the ethanolic 
solution. This is indicated by the fact that when the PEG 
chains are long, the complexes grow to a size that causes 
significant scattering of light. The solutions then become 
milky and slow precipitation is observed, but gelling was 
never really obtained in solution. The existence of 
complexes in solution is also supported by the fact that 
the final film structure is a random network of almost 
spherical particles. This means that no organization of 
the organic and the inorganic phases occurs either in 
solution or upon deposition and the nanoparticles 
obtained seem to occur as individual entities. Apparently, 
exclusively steric reasons dictate the size of the nanopar- 
ticles, as the result of the particular combinations with a 
given chain length. Complex formation is, however, not 
the only process occurring in solution. Complexation is, 
apparently, accompanied by clustering of individual 
complexes. Clustering can occur by physical forces 
ensuing from interaction between PEG chains but also 
from, limited, Ti-O-Ti polymerization. Clustering 
should be responsible for intensive light scattering in 
the case of relatively long PEG chains and for the 
formation of thicker films in that case. Cluster formation 
is also responsible for the large voids in the random 
particle network (Eig. 2c), the low fractal dimension and 
the extensive roughness of the film surface (Table 1), in 
the case of PEG-2000. 

PEG oligomers then provide an easy means of making 
Ti02 with a highly controlled nanoparticle structure. The 
question, of course, is how useful such films might be. 
One can envisage some different applications. It has been 
found that the films adsorb substances by demonstrating 
a specificity for elemental ions and small inorganic 
molecules, particularly, films made with short polymer 
chains and consisting of relatively small and densely 
packed nanoparticles. In contrast, they possess no 
capacity at all for adsorption of organic solutes. This 
property can make such films useful for metal recovery 
[20] or photocatalysis of airborne pollutants [13], etc. 
Such problems are currently being studied in our 
laboratories. 
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Abstract The adsorption of Ni^^ 
on zeolites is presented. Using the 
techniques of thermal analysis and 
sorptometry information such as the 
surface capacity, wetting and the 
nature of the centres was obtained 



and good correlations were ob- 
tained. 

Key words Adsorption • Heterogen- 
eity • Thermal analysis • Pure and 
modified zeolities 



Introduction 

The history of zeolites started in the eighteenth century. 
In 1756 the amateur Swedish mineralogist, A.F. von 
Cronstedt observed that some minerals emit much 
water during the heating process. They looked as if they 
were in a “boiling” state. He called them zeolites, which 
in Greek means “boiling” stones. In 1840 the first 
investigations of zeolite hydratation were carried out 
and in 1842 the composition of natural foyazite was 
determined. In 1920 studies of other zeolites (e.g. 
chabazite, mordenite, gmelinite) were carried out. In 
1925 it was observed that chabazite is suitable for the 
separation of water from methanol and the micropor- 
ous structure of zeolites was determined. In 1930 it was 
proved using X-ray data that the absorption of small 
molecules on the zeolite surface depends on the nature 
of the compound and the sizes of the “windows” in the 
zeolite inner structure (therefore, zeolites were later 
called “molecular sieves”). Next, methods of produc- 
tion of synthetic zeolites were introduced and the 
surface properties were investigated. The most dynamic 
development took place in Japan, the USA and Europe 
in 1960-70 when zeolites began to be used as additives 
to fodder. In the USA methods to remove ammonium 
ions from water using zeolites were worked out. Since 
that time industrial applications of natural zeolites have 
been developed. Their output increased from 
13,000 tons in 1975 to 34,000 tons in 1992 in the 
USA and at present the world zeolite consumption is 
several hundred thousand tons per year. 



Till now over 40 types of natural zeolites have been 
discovered and synthetic zeolites production exceeds 100 
generations, but most of them do not have equivalents in 
nature. In the early 1990s, a new method for the 
preparation of porous materials (so-called MCM-41 
molecular sieves) with a definite pore shape was intro- 
duced. The MCM-41 material, a member of the M41S 
group, contains a hexagonal array of uniform mesopores 
but lacks a strict crystallographic order on the atomic 
level. The MCM-41 molecular sieves have already been 
used to obtain catalysts for practical application in the 
process of ethylene and propylene production from 
methanol. On the other hand, the ion-exchange proper- 
ties of the zeolites are used in the removal of toxic metals 
from wasters. Among toxic metals mercury, cadmium, 
cobalt, nickel, is also worth of mention owing to its toxic 
properties. The adsorption of metals on zeolites is 
interesting from a practical and a theoretical point of 
view, especially if we take into account different models 
of adsorption: electrostatic and nonelectrostatic. 

The quasiisothermal technique of thermal analysis 
had previously been used to characterize the heteroge- 
neous properties of the materials, e.g. MCM-41 samples 
synthesized under different conditions [1^] and pure and 
modified zeolites. 



Methods 

The measurements of the programmed thermodesorption of polar 
(water, «-butanol) and nonpolar (benzene, «-octane) liquids from 
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pure and modified by adsorption from solution of Ni^'*' ions 
CBV lOA zeolite-mordenite (Na20 • AI2O3 • 10SiO2 • 6H2O) sam- 
ples (Zeolyst International Co., USA) were made using the 
simultaneous derivatograph Q-1500D (MOM Hungary) and the 
method described in Refs. [5, 6]. The adsorption value 

determined by spectrophotometric methods was 3.9 x 10^^ mol/g 
[7]. In the studies of the liquid thermodesorption process the zeolite 
samples were wetted with liquid vapors in a vacuum dessicator 
where the relative vapor pressure, pjpo, was 1. The Q-thermogravi- 
metric (TG) mass loss and the first derivative of the Q-difierential 
TG (DTG) mass loss curves with respect to temperature and time 
were recorded. Moreover, the porosity of the samples was 
estimated by means of nitrogen adsorption at 77.4 K, with the 
Brunauer-Emmett-Teller and BHJ equations employed using a 
sorptomat apparatus of the type ASAP 2405 VI. 01 (Micrometries, 
USA). On the basis of the data obtained the specific surface area, 
the pore volume and the radius as well as pore size distribution 
functions were calculated. 




Fig. 1 2-thermogravimetric (TG) mass loss and Q-differential TG 
(DTG) mass loss plots versus temperature for thermodesorption of 
benzene from a pure zeolite sample 




Fig. 2 2-TG mass loss and g-DTG mass loss plots versus 
temperature for thermodesorption of octane from a pure zeolite 
sample 



Results and discussion 

Q-TG mass loss and Q-DTG mass loss curves in relation 
to temperature obtained during thermodesorption of 
benzene (Figs. 1, 3) and octane (Figs. 2, 4) from pure 
(Figs. 1, 2) and modified (Figs. 3, 4) zeolite samples were 
made. 

From these figures it follows that steps and/or 
inflections of the thermodesorption process, i.e. evapo- 
ration of liquids from capillary tubes, pores, “windows” 
and active centers of pure and modified surface, were 
obtained. It is worth noting that the Q-DTG curves 
presented in Figs. 1 and 3 are characterized by high 
selectivity and resolving power distribution. They can be 
considered as a certain type of “spectrum” of a 




Fig. 3 Q-TG mass loss and Q-DTG mass loss plots versus 
temperature for thermodesorption of benzene from a modified zeolite 
sample 




Fig. 4 Q-TG mass loss and Q-DTG mass loss plots versus 
temperature for thermodesorption of octane from a modified zeolite 
sample 
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Table 1 Adsorption capacity 



Sample of zeolites Sorptometric Sorptometric method: Thermal analysis method, 

method: maximum of nitrogen liquid desorption (mmol/g) 

pore radius adsorption 

(A) (cm^/g) Water «-Butanol Benzene n-Octane 



CBV lOA 10.81 5.0 7.3 1.12 0.90 0.55 

CBV lOA + nP"" 18.18 149 18.1 1.27 1.03 0.84 



Table 2 Pore volume (cm^/g) 



Sample of 
zeolites 



Sorptometric 

method 



Thermal analysis method, liquid desorption 



Water n-Butanol Benzene «-Octane 



CBV lOA 0.21 0.16 0.19 0.13 0.21 

CBV lOA + Ni^-" 0.14 0.19 0.12 0.1 0.15 



thermodesorption process describing an energetic state 
of liquid molecules on the surface and reflecting the 
distribution function of the desorption energy of the 
liquid on the surface of the sample studied [5, 6]. 

The adsorption capacity, the pore radius and the 
volume and specific surface area values of pure and 
modified zeolite samples calculated from thermal anal- 
ysis and sorptometric data are given in Tables 1 and 2. 

The surface properties of the zeolite after modification 
with nickel has been changed (Tables 1, 2). This fact can 
be explained as the result of the surface precipitation of 
the hydroxocomponds of Ni^^ of microcrystalline type. 
At the pH of sorption (the pH after equilibration of the 
phases was above 6) the precipitation of the hydroxo- 
chloride of Ni^^ or even Ni(OH )2 is possible [7]. The 
modified zeolite surface has a higher adsorption capacity, 
a larger pore radius and a smaller pore volume. 



capacity (thickness and volume of adsorbed films) and 
wetting phenomena, the nature of the active centres, the 
discontinuous change of the adsorption layer properties, 
the mechanism of surface film destruction, the kinetic 
thermodesorption of films and its stability. The method 
presented is very quick and convenient in studies of 
surface heterogeneity with respect to different adsor- 
bates. It is possible to study the effect of heterogeneity by 
chemical modification of sorbents on the wettability of 
solids and the formation of liquid films. From the 
experimental thermogravimetry results, the adsorption 
and porosity parameters of the zeolite samples tested 
were compared with analogous ones obtained by the 
sorptometry technique and good correlations were 
obtained. 

Acknowledgements Thanks are due to Zeolyst International Co., 
Valley Forge, Pa., USA for kindly supplying the zeolite samples. 



Summary 

On the basis of the data presented it was possible to 
obtain important information concerning the surface 
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Abstract The properties of water 
solubilised by cetyltripropylammo- 
nium bromide (CTPABr) and sodi- 
um bis(2-ethylhexyl)sulfosuccinate 
(AOT) in CCI4 were studied as a 
function of the number of water 
molecules per surfactant mole- 
cule(IT) by the kinetics of decarb- 
oxylation of the 

6-nitrobenzisoxazole-3-carboxylate 
ion (6NBIC) and IR spectroscopy in 
the 0-H stretching region in the 
region of low water (0 < W < 10) 
where the properties depend strongly 
upon W. Decarboxylation of 6NBIC 
in CTPABr reverse micelles is 
strongly inhibited by an increase in 



W and the first-order constants level 
off at W > 1 . The rate effects are 
ascribed to increases in polarity and 
hydrogen bonding in the reaction 
region as water is added and are 
related to changes in the IR spec- 
trum. For the AOT system, the 
kinetics is independent of W and this 
difference from the behaviour of the 
CTPABr system is ascribed to the 
difference in the interactions of 
6NBIC with surfactant headgroups. 

Key words Microemulsions • 
Cetyltripropylammonium 
bromide • IR spectrum • Decarb- 
oxylation kinetic 



Introduction 

In apolar organic solvents surfactants often form aggre- 
gates which can solubilise large amounts of water and are 
described as “water-pool” reverse micelles with the 
number of water molecules per surfactant molecule (W) 
less than 10-15. Most studies on reverse micelles have 
focussed on the three-component sodium bis(2-ethyl- 
hexyl)sulfosuccinate (AOT)/water/oil system. Little is 
known about the physicochemical properties of other 
surfactant systems, in particular as to the state of the 
solubilised water. 

In previous articles we described IR investigations of 
water/AOT/CCU [1] and water/AOT/n-heptane [2] re- 
verse micelles in the 0-H stretching region which 
indicate that properties of surfactant-trapped water 
differ from those of bulk water and change strongly with 
water content if W <6. At larger IF the surfactant- 
trapped water behaves as in the bulk. The anomalous 
behaviour of water at low IF has been attributed to its 



local interactions with Na^ and sulfosuccinate ions. 
More recently, properties of water solubilised by cetylt- 
rimethylammonium bromide (CTABr) in CH 2 CI 2 have 
been studied by kinetics and IR spectroscopy [3]. We 
investigated the spontaneous decarboxylation of the 6- 
nitrobenzisoxazole-3-carboxylate ion (6NBIC, 1 ) as a 
kinetic probe (Scheme 1). 

This reaction of 6NBIC is very sensitive to changes in 
the polarity of the medium and hydrogen-bond donation 
[4], and has been used extensively as a kinetic probe for 
studying properties of normal and reverse micelles [5]. 

Results from both the IR and the kinetic approaches 
[3] emphasise the existence of two types of aqueous 
domain in reverse micelles which are organised by the 
surfactant: a bound-water domain with water molecules 
hydrating the interfacial surfactant headgroups and a 
bulklike water domain. Decarboxylation of 6NBIC in 
CTABr reverse micelles is strongly inhibited by an 
increase in JV and the first-order rate constants (kobs) 
level off at IF> 5 [3]. The rate effects have been ascribed 
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Scheme 1 Decarboxylation of the 6-nitrobenzisoxazole-3-carb- 
oxylate ion ( 1 ) 



to an increase in polarity and hydrogen-bond donation in 
the reaction region as water is added and have been 
related quantitatively to changes in the IR spectrum. 

In the present work the properties of water solubilised 
by cetyltrypropylammonium bromide (CTPABr) and 
AOT in CCI4 were studied kinetically by decarboxylation 
of 6NBIC and by IR spectroscopy in the 0-H stretching 
region. In CCI4 almost all the water is solubilised in the 
reverse micelle and, therefore, the data analysis is more 
direct than in the earlier work [3]. We note that CTABr is 
insoluble in CCI4 and has a low solubility in CH 2 CI 2 
which increases with increasing W and measurements in 
the CTABr/H20/CH2Cl2 system were with W> 1.5 [3]. 
However, CTPABr is soluble in CCI4 even at W=0, 
which allowed us to study the region at very low W where 
the properties of the system depend strongly on W. 



Experimental 
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0.8 
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Fig. 1 Rate constants (Cbs) of decarboxylation of the 6-nitrobenzis- 
oxazole-3-carboxylate ion in H20/cetyltripropylammonium bromide 
(CTPABr)jCC \4 {squares) and in HaO/sodium bis(2-ethylhexyl)sulfo- 
succinate (^OTI/CCU {circles) systems as a function of W. 
[CTPABr] = [AOT] = 0.1 moldm^^. The dashed line shows the values 
of Cbs in pure water 




AOT 99% (Alfa) purified by recrystallization from methanol and 
dried in a vacuum was stored in vacuum over P2O5. 

CTPABr prepared by alkylation of tripropylamine by cetyl 
bromide in CH3CN was purified by recrystallising it twice from 
ethyl acetate and was dried in a vacuum at 65 °C. 

Bidistilled water and CCI4 (purity 99.5%) were used without 
additional purification. The AOT/H2O/CCI4 and CTPABr/H20/ 
CCI4 mixtures were prepared by weight. In order to remove traces 
of water, solutions of CTPABr in CCI4 were dried for 3 days over 
molecular sieves (4 A). 

Decarboxylation of 6NBIC was followed spectrophotometri- 
cally at 25.0 °C and 410 nm using HP-8452 diode-array spectro- 
photometers. The reaction was started by adding substrate as the 
acid in CCI4, as described in Refs. [5, 6], with 3 x 10“^ moldm^^ 
6NBIC and 3 x 10^^ moldm^^ (C2H5)3N in the reaction solution. 
Deprotonation is rapid under these conditions. 

IR spectra were recorded at room temperature using a 
Shimadzu model 470 IR spectrophotometer equipped with a 
variable path length cell and Cap2 windows. Typical path lengths 
were 50-800 ^im, although the spectra of water in CCI4 were taken 
with path lengths of 2 cm. 

The molar extinction coefficient of water is given by £ = AI{cd), 
where A is the absorbance, c the water concentration in moles per 
cubic decimetre and d the cell path length in centimetres. 



Results and discussion 

Kinetic measurements 

The kinetics of the decarboxylation of anionic 6NBIC in 
water/surfactant mixtures solubilised in CCI4 was inves- 



tigated for two surfactants differing in the headgroup 
charge: CTPABr (cationic) and AOT (anionic), as a 
function of water content (0 < W < 10). With CTPABr 
decarboxylation is much faster than in water, and its 
addition slows the reaction (Fig. 1) in agreement with 
earlier results [6]. The anionic substrate in the interior of 
a CTPABr reverse micelle interacts with the CTPA^ 
headgroup, which assists charge delocalisation in the 
transition state, and reactions at W~0 are faster than 
those in water (kobs = 3 x 10~^ s“') by a factor of 
approximately 10^. 

These interactions weaken with increasing water 
content and, in the limit of high W, 6NBIC is extensively 
hydrated. This initial-state stabilisation strongly inhibits 
decarboxylation. There is a marked decrease in kobs up to 
W=1 and it becomes approximately constant at higher 
W, indicating that the decrease in kobs is essentially due to 
association between CTPABr and the first added water 
molecule. This result is similar to that obtained with 
CTABr [3]. 

With AOT, decarboxylation of 6NBIC has a rate 
similar to that in water (Fig. 1) and there is no catalysis, 
with 0 < W < 10 indicating that decarboxylation takes 
place in the water pool and does not involve the anionic 
surfactant, consistent with repulsive interactions between 
anionic 6NBIC and the AOT headgroups. 
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Fig. 2 0-H stretching band of 
water solubilised in a CCI 4 and 
in HjO/CTPABr/CCU at se- 
lected values of IV. b IV = 0.023, 
c fF= 0.103, d fF= 0.498 
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IR measurements 

The 0-H stretching band for water solubilised in CCI 4 
and in H 20 /CTPABr/CCl 4 at selected values of JV are 
shown in Fig. 2. 

The molar extinction coefficient of water in CCI 4 
(Fig. 2a) shows absorptions at 3,720 and 3,625 cm“' 
assigned to antisymmetric and symmetric 0-H stretching 
vibrations, respectively. At very low fF a species is 
formed as a result of water/CTPABr association and is 
characterised by three absorption bands at 3,685, 3,390 
and 3,206 cm“* (Fig. 2b). The higher-frequency band is 
narrow and lies slightly shifted from the position of the 
antisymmetric stretching mode of free water (Fig. 2a). 
The middle frequency band that characterises this 
association species is broad and is considerably displaced 
to frequencies lower than those in the range of free O-H 
stretching modes. These spectral patterns are similar to 
those observed in water/alkylammonium halide systems 
in CCI 4 [7] and adequately reveal the nature of the species 
formed in these systems. The two bands that appear on 
low water addition (Fig. 2b) show characteristics expect- 
ed for a 1 : 1 water/Br“ species of the type 

O - H Br 

/ 

H 




Fig. 3 Integrated molar extinction coeflBcients, as a function of 
fV. The /ine is to guide the eye 



The sharp, high-frequency band, showing the Lo- 
rentzian profile typical of noninteracting species, can be 
attributed to the stretching of a free OH, while the broad 
band at 3,390 cm“' is associated with hydrogen-bonded 
OH. The third band, at 3,206 cm"', can be attributed to 
the overtone of the bending vibration [7]. 

On increasing IV the intensity of the high-frequency 
band, due to free OH of the bound water, decreases 
(Fig. 2c); finally, at high water concentration (Fig. 2d), 
water displays more marked “bulk” properties and the 
absorption band approaches that of bulk water. 
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The changes in the absorption bands on varying W 
can be described by means of several spectral parameters. 
The integrated molar extinction coefficient, 
£int(^) = / lf^)dv, is shown versus W in Fig. 3. 

On increasing IV, Sint changes significantly up to W~2 
and then, at higher water content, gradually approaches 
the value of bulk water. There is a strong correlation 
between the spectral and kinetic data (Figs. 1, 3) with a 
close connection between the relation of /Cobs fo W and 
the properties of water in reverse CTPABr micelles. 

We propose that the carboxylate moiety in 6NBIC 
competes with water for the cationic surfactant 



headgroups and their counterions. Hydrogen bonding 
inhibits decarboxylation, which is fastest in the 
hypothetical situation in which 6NBIC is in contact 
with CTPA^ in the absence of water. On increasing the 
amount of solubilised water, there is less interaction of 
6NBIC with CTPA^ owing to hydration of CTPA^ 
and Br“, and kobs gradually decreases until hydration 
around the interfacial headgroups is almost complete. 
Our results indicate that the decrease in /c^bs is due 
largely to initial hydration of CTPABr according to 
previous results with CTABr [3]. 
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Abstract Synthetic silica-bearing 
organic groups derived from amino 
acids at their surface have been 
prepared via the sol-gel technique. 
The particle size of the colloidal 
silica obtained in this way has been 
assessed by different methods. The 
complexation of divalent metal 
cations, such as Cu^^, Cd^^, and 
Pb^^, has been studied in aqueous 
media by using ion-selective 
electrodes. 



Key words Grafted silica • 
Colloids • Amino acids • 
Complexation • Metal cations 



Introduction 

The production of grafted silica has largely expanded 
during the past 15 years owing to a multitude of 
potential applications for this kind of material: chemis- 
try, biology, nonlinear optics, the environment [1^]. 

In this work, the coordinating properties of a series of 
synthetic silica compounds were studied in the presence 
of different transition-metal cations. The colloid-size 
silica particles were prepared via the sol-gel technique [5] 
starting from chemically modified siloxanes ( 1 ) 
(Scheme 1). The latter contain amino acids or oligopep- 
tides (aspartic acid, carnosine) as prosthetic groups, and 
these are known to have a strong affinity for transition- 
metal cations such as copper(II) [6]. 



Experimental 

Ion-selective electrode (ISE) measurements were made by means of 
a Radiometer PHM 240 ion meter to which the corresponding ISE 
and an Ag/AgCl reference electrode had been connected. The 



Y-NH(CH2)3Si(OEt)3 

1 



"sol-gel process" 



Me 0 H/H 20 /NH 40 H 
+ Si(OEt>4 (TEOS) 



Grafted polymer 
with prosthetic groins Y 



_0— Si— O— Si- (CH2)3NIt— Y 

0 o 

1 I 

O— Si — O-Si — OH 

I I 

0 O 

1 I 

— O— Si— O— Si— (CH2)3NI^ Y 



O O 



precision was ±0.1 mV. The measuring vessel was kept at 
25 ± 0.1 °C throughout the experiments. 

Light scattering measurements were carried out using a home- 
built computer-controlled instrument equipped with a Malvern 
correlator. 
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Solid-state and '^C NMR spectra were recorded using a 
Bruker AM 300 instrument. 

Electron micrographs were obtained by transmission electron 
microscopy at a magnification of typically 20,000. 



Results and discussion 

After controlled polymerization of the monomers under 
well-defined conditions the colloidal silica particles bear 
on their surface the coordinating groups (Table 1); their 
density per surface unit and the size of the particles 
depend on the conditions of synthesis [7]. They were 
characterized by solid-state NMR spectroscopy. The 
complexing ability of these colloids for the metal cations 
Cu^^, Cd and Pb^^ has been evaluated from ISE 
measurements and correlated with the particle size deter- 
mined by light scattering and/or electron microscopy. 



ISE measurements 

The complexing ability of these colloids for the metal 
cations Cu^^, Cd^^, and Pb^^ was evaluated from ISE 
measurements. An aqueous solution of known metal 
concentration (10~"^ moll”*) was added to a suspension of 

Table 1 Prosthetic groups Y in the grafted silica structure 
Substituent Y Formula 



Di-boc- 

Carnosine (1) I [1 

(CH3)?C — O — C — N 



Carnosine (2) 



A 

NH li- 



en, — CH — NH — C (CH,), — NH — C — O — C(CH3)j 



\ 



Aspartic acid /1-OBz (3) 



Aspartic acid a-OBz (4) 



Aspartic acid (5) 



NH U— CH, — CH— NH C (CH,),— NH, 

o=\ 

NH2 c 

CII2 — C— OCH2C6H5 
O 

If 

NH2 CI^CH; C 

0=C— OCH2C6H5 

If 

NH, CH — CH, C ™~- 

0=C— Oil 
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Aspartic acid ° — nh — ch — ch, c-nh— ich,),— c 

(ot-OBz) /i-Ala (6) 0 =C-OCH 2 C,Hj O 



Table 2 Particle size (mean values) for synthetic silica grafted with 
different substituents Y 



Group Y 


1 


2 


3 


4 


5 


6 


Size (nm) 


170 


130 


530 


260 


270 


550 



0 10 20 30 40 SO 

Fig. 1 Ion-selective electrode potential versus metal ion concentration 
for grafted silica in the presence of a copper (II), b cadmium(II), and 
c lead(II) 

the grafted silica in small increments and the potential of 
the electrode was monitored at constant ionic strength 
(10~^ M KNO3). The results are shown in Eig. 1. 

Since the ISE indicates the activity of the free metal 
ions, the curves show that copper(II) is coordinated 







109 



700 

600 

500 

400 

300 

200 



Size (nm) 



• • 






Time 



(s) 



0 200 400 600 

Fig. 2 Variation with time of the particle size of silica grafted with 6, 
as assessed by light scattering measurements 



most efficiently by silica grafted with carnosine (1, 2 in 
Fig. la; free appears only at important quantities 

of total added copper), whereas cadmium and lead are 
selectively bound by aspartic acid when this group is 
attached to the silica structure via a /i-alanine spacer. 
Among the latter two, the amount of lead coordinated 
to 6 is significantly larger than that of cadmium under 
the same conditions. 



Particle size 

The particle size of the synthetic silica was assessed by 
light scattering measurements and, in some cases, by 
electron microscopy. The results of both methods are 
coherent. The mean values of the particle sizes found for 
the different products are shown in Table 2. 

The initial size of the polymerized silica varies with 
time and reaches an upper limit as shown in Fig. 2 for a 
representative sample of 6. 

An image of aggregated silica particles obtained by 
electron microscopy is shown in Fig. 3. It can easily be 
seen that the size of the small spheres in this represen- 
tative sample is of the same order as that resulting from 
light scattering experiments. 



Conclusions 




Fig. 3 Electron micrograph of a representative sample of grafted 
silica after aggregation 

pronounced affinity for Cu^^ ions, whereas the presence 
of flexible aspartic acid-/i-alanine prosthetic groups on 
the silica surface favors the complexation of the ions 
Cd^^ and Pb^^ . The particle size of the grafted silica does 
not appear to be related in a significant manner to their 
complexing properties. The Pb^^ ion is bound more 
efficiently than the smaller Cd^^ ion. This observation 
may be explained by the interaction of lead with more 
than one coordinating group on the silica surface owing to 
its larger size favoring chelation of the metal ion, as well as 
by its lower hydration in aqueous media. These hypoth- 
eses have to be confirmed by complementary studies. 



11 -j 1 r j -i- j- j 1 Acknowledgements The authors would like to thank the C.N.R.S. 

Among the different colloidal grafted silica studied the foj- financial support and Alain Kohler for technical assistance with 

compounds containing carnosine derivatives have a the electron microscopy measurements. 



References 



1. Badley RD, Ford WT, McEnroe FJ, 
Assink RA (1990) Langmuir 6:792 

2. Richer R, Mercier L (1998) Chem Com- 
mun 1775 

3. Fowler CE, Lebeau B, Mann S (1998) 
Chem Commun 1825 



4. Flings JA, Ait-Meddour R, Clark JH, 
Macquarie DJ (1998) Chem Commun 
2707 

5. Hamdoune F, Gerardin-Charbonnier C, 
Rodehiiser L, Selve C (1999) Amino 
Acids 17:112 



6. Gajda T, Henry B, Delpuech JJ (1992) J 
Chem Soc Dalton Trans 2313 

7. Hamdoune F, El Moujahid C, Rodehii- 
ser L, Gerardin C, Henry B, Stebe M-J, 
Amos J, Marraha M, Asskali A, Selve C 
(2000) New J Chem 24:1037 




STRUCTURE AND DYNAMICS AT INTERFACES 



Progr Colloid Polym Sci (2001) 118: 110-114 
© Springer-Verlag 2001 



Y. Chevalier 

M.-C. Dubois-Clochard 

J.-P. Durand 

B. Delfort 

P. Gateau 

L. Barre 

D. Frot 

Y. Briolant 

I. Blanchard 

R. Gallo 



Adsorption of poly(isobutenylsuccinimide) 
dispersants at a soiid-hydrocarbon interface 



Y. Chevalier (El) 

Laboratoire des Materiaux Organiques a 

Proprietes Specifiques 

UMR 5041 CNRS-Universite de Savoie 

BP 24, 69390 Vernaison, France 

e-mail: yves.chevalier(g)lmops.cnrs.fr 

Tel -H 33-4-78022271 

Fax: -H 33-4-78027187 

M.-C. Dubois-Clochard • J.-P. Durand 

B. Delfort P. Gateau ■ L. Barre • D. Frot 

Y. Briolant • F Blanchard 

Institut Franfais du Petrole 

BP 311, 1-4 av de Bois-Preau 

92506 Rueil-Malmaison cedex, France 

R. Gallo 

ENSSPICAM, Faculte Saint-Jerome 
13397 Marseille cedex 20, France 



Abstract The adsorption at the solid- 
xylene interface of poly(isobutenyl- 
succinimides) (PIBSI) has been 
studied on carbon black by means of 
adsorption isotherms and small- 
angle neutron scattering. Simple 
diblock PIBSI having various 
chemical structures and poly(PIBSI) 
with a comblike structure were 
compared. The adsorption is due to 
the hydrophilic polyamine part. It 
was related to the chemical structure 
of the dispersants (length of the 
polyamine part, simple diblock 
structure versus comblike). The 
adsorption phenomenon was 



irreversible at low concentrations; 
the adsorbed macromolecules are 
fully stretched and form a mono- 
layer of 30-A thickness. The conse- 
quences for the colloidal stability of 
carbon black dispersions in xylene 
were analyzed by means of quasi- 
elastic light scattering and rheology 
measurements. 



Key words Adsorption • Solid-liq- 
uid interface • Amphiphilic copoly- 
mers • Poly(isobutenylsuccini- 
mide) • Carbon black 



Introduction 

Polymer surfactants such as poly(isobutenylsuccinimide) 
(PIBSI) derivatives are extensively used as fuel detergents 
and ashless dispersant additives for lubricants [1]. Their 
role in fuels is to keep the engine wall clean by preventing 
the deposition of badly burnt carbonaceous materials [2]. 
These polymers prevent the aggregation of soot in 
lubricants in order to keep the lubricant oil fluid for 
long utilization times [3]. In both applications, the 
polyamine block of the polymers ensures a strong 
adsorption onto the deposits or metallic surfaces and 
the polyisobutenyl block forms a steric barrier prevent- 
ing adhesion and/or aggregation [4]. 



Poly(isobutenylsuccinimides) 

The PIBSI studied are amphiphilic block copolymers 
with a polyamine polar part and a nonpolar part made of 
polyisobutene [5]. Two macromolecular architectures 
were compared; a diblock and a comblike structure 



(Fig. 1). The usual diblock structure consists of a polar 
polyamine block, which ensures the adsorption, and a 
nonpolar polyisobutene block, which ensures the solu- 
bility in hydrocarbon solvents and forms a steric barrier 
at the surfaces. This diblock copolymer, called PIBSI, is 
widely used as a fuel or lubricant additive. In the 
comblike architecture, the diblock polymers were at- 
tached together by means of a central backbone with 
degrees of polymerization, Jp, of 9, 13.5 or 18. In both 
types of polymer, the number-average degree of poly- 
merization of the polyisobutene blocks was 20 and 
different polyamine blocks derived from diethylenetri- 
amine (DETA), triethylenetetramine (TETA), tetraeth- 
ylenepentamine (TEPA) and aminoethylpiperazine 
(AEP) were studied (Fig. 1). 



Adsorption isotherms 

The adsorption takes place by means of acid-base 
interactions of the polyamine blocks with acidic sites at 
the surface of the carbon black. The surface density of the 
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Fig. 1 Macromolecular architecture of the polymers (left) and 
chemical formulae of poly(isobutenylsuccinimide) (PIBSI) (right):di- 
ethylenetriamine (BETA), triethylenetetramine (TETA), tetraethyl- 
enepentamine (TEPA) and aminoethylpiperazine (AEP) 
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Fig. 2 Adsorption isotherms of the diblock PIBSI at the xylene- 
carbon black interface at 20 °C: PIBSI-AEP (stars)-, PIBSI-DETA 
(diamonds)-, PIBSI-TETA (filled circles)-, (O) PIBSI-TEPA (open 
circles). The continuous lines are the best fit of the models described in 
Ref. [9] 

acidic sites as estimated by titration was 2.0 /tmmol/m^, 
a fraction of them amounting to 0.9 /tmmol/m^ were 
strong acids (carboxylic acids). 



Diblock PIBSI 

The adsorption isotherms clearly show two regimes 
(Fig. 2): a steep increase in the amount adsorbed (F) at 
low concentrations and low coverages (F < 0.5 ^mmol/ 
m^), followed by a smoother increase in F. The high slope 
in the dilute regime indicates a strong affinity of the 
polyamine blocks for the carbon black surface. The 
second regime of weaker adsorption is reached for a 
coverage identical for all the diblock polymers and is 
lower than the surface density of strong acidic sites. This 
weakening of the adsorption strength was then ascribed 
to lateral interactions between the polyisobutene tails, in 



accordance with the Alexander-de Gennes picture of 
adsorbed end-functional polymers [6]: In the dilute 
regime, called the “mushroom regime”, lateral interac- 
tions are negligible and free adsorption is identical to that 
of small molecules. At higher coverages, the “brush 
regime” is entered, where lateral interactions impede the 
adsorption and the polymer tails stretch because of the 
lateral interactions. The transition for the mushroom to 
the brush regime is reached when unperturbed coils 
are able to cover the whole surface: F* = 1/ 

Aa) = 0.5 mmmol/m^ (i^G=10A [7]), right at 
the coverage where a break in the slope is observed in the 
adsorption isotherms. The two-step adsorption behavior 
which was strongly reminiscent of the Alexander-de 
Gennes picture was already encountered in aqueous 
systems where the affinity for the surface was very high 
[8]. In the present case, the AEP derivative, PIBSI-AEP, 
was quite different from the other PIBSI: it could not 
enter the brush regime at high polymer concentrations 
because the affinity of the polyamine group for the 
surface was too weak. The low adsorption strength was 
attributed to the poor accessibility of the basic amino 
groups of the polar moiety containing a secondary amino 
group and a tertiary one which was buried inside the 
molecule. 

The affinity of the polar part for the surface was 
measured in the dilute regime where free adsorption 
takes place. The standard free energy of adsorption, 
AadsG°, was estimated by means of a model of the 
adsorption behavior in Ref. [9]. Eor the present discus- 
sion, the order of increasing affinity for the carbon black 
surface can be seen on the adsorption isotherms: PIBSI- 
AEP < PIBSI DETA < PIBSI TETA < PIBSI TEPA. 
As expected, a longer poly amine yields a stronger 
adsorption because of multiple binding. The stronger 
adsorption of polymers with respect to their monomeric 
analogue is a well-known phenomenon. The slope of the 
adsorption isotherms in the brush regime was lower 
because of the lateral interactions between the PIB tails; 
however, the hindrance effect was more intense for the 
longer polyamines, although the PIB part was the same. 
It was quite surprising that the order of affinity in the 
brush regime was the reverse of that in the dilute regime. 
A rationale for this paradoxical effect can be found in 
the polymeric nature of the adsorbing moiety. Because of 
the multiple binding occurring in the dilute regime, the 
surface density of free sites available for further adsorp- 
tion in the brush regime is less for longer polyamines. 
Further adsorption takes place at less acidic surface sites; 
however, once a new macromolecules is adsorbed, even 
on a poorly acidic site, the remaining free amino groups 
can bind to the surface by means of an exchange with 
already adsorbed groups. Since an exchange is involved, 
the energy balance is very low. A dynamic rearrangement 
inside the adsorbed layer explains the strong binding with 
a low free-energy balance. 
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The adsorption was irreversible at coverages 
r < 1 /immol/m^. This was shown in experiments where 
the solution was diluted with pure solvent; the adsorbed 
amount remained at a constant level, while it should have 
decreased, following the adsorption isotherm, in the case 
of a reversible adsorption. The irreversible adsorption is 
a well-known consequence of multiple binding; its 
manifestation was observed at a macroscopic level. 
However, a dynamic exchange of adsorbing groups 
inside the adsorbed layer was put forward; the adsorp- 
tion was irreversible on a macroscopic scale, but 
reversible on a microscopic (molecular) level (Fig. 3). 



Comblike poly(PIBSI) 

On going from the diblock PIBSI to the comblike 
poly(PIBSI), the affinity for the surface observed at low 
coverages increased dramatically. This was the expected 
behavior since the number of amino groups, which was 
moderate in the diblock structure, reached the level of 
true macromolecules. The two-step feature of the ad- 
sorption isotherms was even more pronounced than for 
the diblock (Fig. 4). Secondly, the mushroom-to-brush 
transition coverage was higher than for the diblock 
although the PIB tails were the same. Indeed, the PIB 
were already close to each other in the comblike polymer, 
so most of the geometrical constraints that hinder the 
adsorption in the brush regime were released. F = 0.8- 
0.9 /immol/m^ was found, whatever the degree of 
polymerization. Lastly, the adsorption in the brush 
regime was definitely less than the diblock in spite of a 
higher affinity for the surface. It even decreased as a 




Fig. 3 Sketch of the dynamic phenomena at the interface showing the 
reversible and irreversible processes 




Fig. 4 Adsorption isotherms for diblock PIBSI(DETA) (4p= 1) and 
comblike poly(PIBSI-DETA) 



function of the degree of polymerization. It was specu- 
lated that the dynamic rearrangement process which 
allowed the adsorption of the diblock in the brush regime 
was no longer operative. The amino groups of high linear 
density along the polymer backbone have frozen in the 
structure of the adsorbed layer. This is an example where 
an increase in the adsorption strength led to less 
adsorption; the coverage remains moderate, but the 
brush regime is entered. Different behavior would be 
observed if the adsorption strength was increased by 
substituting the polar groups for more reactive ones [8] 
instead of increasing their number. 



Structure of the adsorbed layer 

The structure of the adsorbed layer in the brush regime 
was measured by small-angle neutron scattering. Thus, at 
the contrast matching conditions where the scattering 
length density of the carbon black particles and the 
solvent are identical, the scattering comes from the 
polymer only [10]. The residual polymer in solution could 
be removed by replacing the supernatant by pure solvent 
without altering the adsorbed layer because of the 
irreversible nature of the adsorption. The scattered 
intensity from the adsorbed layer essentially decayed as 
q~'^, showing that the structure was a thin layer. 
Assuming a homogeneous internal structure of the layer, 
the scattered intensity is I{q) oc q^^ exp(— q^h^/ 12^ 
[11]. The measured thickness was h=30 A, significantly 
larger than the thickness in the mushroom regime 
(2i?G = 20 A) and less than a fully extended PIB chain 
(40 A)- The polymer tails were stretched in the brush 
regime, as inferred by Alexander and de Gennes. 
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Colloidal stability of carbon black suspensions 

The adsorption of PIBSI derivatives bring about a steric 
stabilization of the carbon black suspension because of 
the PIB tails protruding towards the solvent. The 
colloidal stability was evaluated by measurements of 
aggregation kinetics. This well-established method, 
which involves time-resolved optical measurements (tur- 
bidity, particle counting, quasielastic light scattering) 

[12] , was adapted to the present case where the carbon 
black particles strongly absorb light. Thus, conventional 
measurements by transmission are not possible unless the 
suspension is extremely dilute. Measurements could be 
performed at high dilution (10~^ weight fraction) but the 
kinetics were so slow that the experiments lasted 1 ,000 h 

[13] . A quasielastic back-scattering device (LID DL 135- 
45) [14] was used in order to make kinetic measurements 
for a few hours with fairly concentrated suspensions (1- 
5 wt%). The result of an experiment was a time-resolved 
hydrodynamic radius of the particles (Fig. 5). 

The aggregation of particles led to the formation of 
loose superstructures of low density which usually have a 
fractal internal structure characterized by the fractal 
dimension, df. The faster the aggregation, the lower the 
density of the particles inside the aggregates, the lower 
the value of df. In the fast coagulation regime, where 
there is no barrier against the aggregation, diffusion- 
limited colloidal aggregation (DLCA) occurs and d^ is of 
the order of 1.78. The steric stabilization by an efficient 
layer of adsorbed polymer decreases the sticking effi- 
ciency of each interparticle collision. In the case of very 
low sticking probability, denser aggregates are formed by 
reaction-limited colloidal aggregation and df is expected 




Fig. 5 Aggregation kinetics of carbon black suspensions stabilized 
with various amounts of PIBSI-TEPA relative to carbon black: 
0.0625 (diamonds); 0.0714 (open circles); 0.125 (filled circles); 0.25 
(squares); 1 (stars). The solid line is for df=2.\ 



to be of the order of 2.1. The kinetics of DLCA obeys 
some universal relationships [15]. In particular, the 
hydrodynamic radius increases as 7 ?h = A for long 
times. 

The carbon black particles were dispersed at t = 0 in 
xylene containing the polymer by means of sonication. 
The hydrodynamic radius at high polymer contents was 
90 nm, far larger than the radius of the elementary 
particles of carbon black. The initial sonication did not 
fully disrupte the aggregates of particles, even when large 
amounts of polymer were present. In the aggregation 
kinetics, the “primary particles” were small clusters of 
elementary particles which were irreversibly stuck 
together. 

The domain of polymer concentration where kinetics 
measurements could be performed was quite narrow 
because, on one hand, the aggregation at low polymer 
contents was very fast and large aggregates settled to the 
bottom of the measurement cell, prohibiting further 
measurements; on the other hand, the particle size did 
not vary at high polymer contents. The presence of 
the polymer has a beneficial effect with respect to the 
colloidal stability since it was able to fully prevent the 
aggregation. In the intermediate regime, where the size 
variation could be measured, the aggregation kinetics 
followed the DLCA law. The value of <ifw2.1 was larger 
than predicted for a DLCA process, suggesting a 
restructuring of the aggregates faster than the measure- 
ment time [16]. Such a phenomenon has already been 
observed with latex particles stabilized by a polymer [17]. 
However, the aggregation was obviously not diffusion- 
limited since it was in the slow coagulation regime. 

Lastly, the minimum polymer content required for an 
efficient stabilization (no size variation) corresponds to 
an adsorbed amount of the order of 0.8-0. 9 jumol/m^, 
whatever the polymer (except for PIBSI-AEP). This is in 
the brush regime. 

Notice that PIBSI-AEP was again different since 10 
times higher concentrations of polymer were required. 
PIBSI-AEP does not form a brush because of its low 
adsorption; however, this failure can be retrieved by 
using the comblike poly(PIBSI-AEP). 

The colloidal stabilization by the polymer brushes 
persists in concentrated dispersions of carbon black. This 
can be monitored by rheology measurements on 40 wt% 
carbon black suspensions. The suspensions containing 
low levels of polymer were viscoelastic. The flow 
behavior as measured in a cone-plate rheometer was 
pseudoplastic. As increasing amounts of polymer were 
added, both the yield stress and the plastic viscosity 
decreased progressively. Einally, a Newtonian flow was 
observed at high polymer contents, when the adsorbed 
amount was above 0.8-0. 9 /rmol/m^. The viscosity was 
low (5-10 mPas) and did not decrease further with 
increasing amounts of polymer. Notice that the role of 
the PIBSI dispersants in lubricants is precisely to 
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maintain a low viscosity of the lubricant oil by preventing 
the aggregation of the soot particles. 



Conclusions 

The different PIBSI-type polymers adsorbed by their 
hydrophilic polyamine part on the acidic functions of 
carbon black particles. The adsorption took place in two 
steps and was reminiscent of the two regimes of 
adsorption described by Alexander and de Gennes as 
the “mushroom” and “brush” regimes [6]. At low 
coverage, the unperturbed macromolecules adsorbed on 
independent strong acidic sites. A second regime was 
reached at higher coverages, where the steric hindrance 
by the macromolecular tails contributes to the thermo- 
dynamics of adsorption. A dynamic reorganization of 
the bound amino groups inside the adsorbed layer was 
postulated. At low concentrations, it was shown that the 
adsorption phenomenon was irreversible, owing to the 
multifunctional nature of the polar part. 

The affinity for the solid surface increased with the 
number of amino groups in the polar part. Similarly, 
changing the diblock for a comblike structure led to a 



much stronger adsorption because of the large density of 
amino groups along the polymer backbone and since the 
steric hindrance of adsorption by lateral interactions was 
released in the comblike structure. 

The macromolecules adsorbed as a monolayer. The 
layer thickness of 30 A measured in the brush regime 
showed the stretching of the PIB tails. 

Some compounds having amine groups behave quite 
differently, however. PIBSI-AEP bound rather weakly. 
It was unable to bind to any available acidic site and 
could not enter the brush regime. 

The adsorption of polymers prevented the aggrega- 
tion of carbon black particles in colloidal suspensions. 
Thus, the presence of adsorbed polymer switched the 
aggregation kinetics into the slow coagulation regime. 
Aggregation was completely suppressed when the ad- 
sorbed amount was above 0.8 ^mmol/m^, whatever the 
type of PIB SI derivative. 

The control of the aggregation had important conse- 
quences for the rheology of concentrated carbon black 
dispersions in xylene. As PIBSI was added to the 
dispersions, the rheological behavior progressively 
turned from that of a plastic body with a yield stress to 
Newtonian behavior with a low viscosity. 
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Abstract We show how single-clus- 
ter light scattering may be used to 
study the aggregation kinetics of 
surface-modified colloidal particles. 
The surface characteristics of the 
particles were modihed by adsorbing 
different amounts of bovine serum 
albumin (BSA). All aggregation 
measurements were performed at 
high salt concentration and at the 
protein’s isoelectric point. Single- 
cluster light scattering was employed 
to determine how different amounts 
of BSA adhered on the particle 
surface affect the aggregation mech- 
anism. The results obtained show 



that the cluster size distributions 
scale independently of the degree of 
surface coverage. It was found that 
the BSA molecules drastically 
change the time evolution of the 
number-average cluster size. Never- 
theless, the homogeneity parameter 
remains practically zero at all degrees 
of surface coverage and, hence, the 
aggregation regime is diffusion-like. 



Key words Single-cluster light 
scattering • Colloidal aggregation • 
Dynamic scaling • Bridging 
flocculation • Protein adsorption 



Introduction 

Single-cluster light scattering (SCLS) is a powerful tool 
for studying colloidal aggregation processes. Its principle 
of operation is based on the unambiguous relation 
between the cluster size and the light intensity scattered 
by individual aggregates at low angle. SCLS allows the 
cluster size distribution and its temporal evolution to be 
measured directly and, hence, may be employed to study 
kinetic aspects of colloidal aggregation processes in 
detail. 

In this work, single cluster light scattering was used to 
study the influence of the particle surface characteristics 
on the aggregation behaviour of colloidal suspensions. 
Aqueous suspension of spherical polystyrene beads were 
chosen as model systems. The particle surface character- 
istics were modified by adsorbing differenf amounts of 
bovine serum albumin (BSA). 

Depending on the electrochemical properties of the 
aqueous phase, different aggregation phenomena, such 
as diffusion-limited cluster aggregation (DCLA) or 



reaction-limited cluster aggregation (RLCA) may be 
observed for uncovered particles. At intermediate and 
high surface coverage, however, interparticle bridging 
and steric effects are expected to alter the aggregation 
behaviour. This means that the adsorbed macromole- 
cules will change the aggregation regime quite drastically. 

The aim of this study was to determine to what extent 
the different amounts of macromolecules adhered on the 
surface of colloidal particles affect the aggregation 
mechanism for samples which initially aggregate in the 
DEC A regime. 



Theoretical background 



The time evolution of the cluster size distribution arising 
during aggregation of dilute colloidal system is generally 
described by Smoluchowski’s equation [1,2] 



dc^ 1 V 



2 /-^i+J=n J ■’ 



E cx: 
;= 



kniCi 



( 1 ) 
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where c„(?) denotes the number concentration of aggre- 
gates of size n. The aggregation kernel, kij, quantihes the 
rate at which /-mers react with /-mers. Smoluchowski’s 
equation considers only the rate at which clusters of size 
n are formed when two smaller clusters of size i and / 
collide as well as the rate at which clusters of size n 
disappear when they react to form larger aggregates. 

It should be pointed out that the reaction kernel, i.e. the 
set of rate constants kij, contains all the physical informa- 
tion on the aggregation process. In order to obtain further 
insight into the aggregation process, it is therefore 
essential to extract information on the aggregation kernel. 
From an experimental point of view, it is, however, 
impossible to fit the complete aggregation kernel, i.e. an 
infinite set of rate constants, to a finite set of data. So, only 
some general characteristics of the aggregation kernel may 
be obtained. Therefore, van Dongen and Ernst [3, 4, 5] 
developed a classification scheme for homogeneous 
kernels which characterizes the aggregation kernel in 
terms of two scaling exponents, 1 and fi 



The analytical solution for the scaling distribution, <l)(x) , 
is known only for large and small arguments [7]. 

For nongelling kernels, s{t) can be expressed as a 
power of the number-average mean cluster size, («„), 
[9]: 

s{t) - («)“ , (7) 

where a > 1. a may be used as a fitting parameter and 
varied until <l)(x) is calculated correctly according to 
Eq. (4). For further details on this fitting procedure see 
Ref. [9]. 

k may be obtained by combining Eqs. (6) and (7). This 
yields. 

(«„) ^ , ( 8 ) 

which implies that the number-average mean cluster size 
grows as a power of time; 

(««) , (9) 

where w = l/[a(l — i)]. Solving for A, finally gives 





( 2 ) 
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where a is a large posifive consfant and ko a scale faclor. 
The homogeneify exponent. A, relates the aggregation 
rate of smaller clusters to the rate at which two larger 
clusters react; therefore, it controls the overall time 
evolution of the aggregation process. The scaling expo- 
nent, fi, compares the aggregation between large and 
small clusters with the rate at which two larger aggregates 
react. For DLCA, A = 0 and fi < 0 was found [6-8]. For 
RECA, however, values of A w 0.5 and A w 1 are 
reported in the literature [7]. In this case, it is only clear 
that /i should be positive. 

For systems which do not give rise to gel formation, 
i.e. have A < 1, the cluster size distribution can be 
factorized for large aggregates and long times as [3] 

c„{t) . (4) 

In this equation, <l)(x) and s{t) are two independent 
scaling functions which characterize the aggregation 
process. The time-independent function, <l>(x), may be 
understood as a scaled cluster size distribution which 
depends only on the normalized cluster size, n/s. The 
scaling function, s{t), should be related to some average 
mean cluster size. 

The exact analytical solution for s{t) is given by [7] 



/[Ci + (l-A)C2f]'/''-'-> A<1 

^ [Cl exp(C 2 t) A = 1 ’ 



( 5 ) 



where Ci and C 2 are constants. For A < 1, i(t) grows as a 
power law at long aggregation times, 



lim s{t) ^ . 

t^OO 



( 6 ) 
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( 10 ) 



Thus, A may be calculated from the long-time behaviour 
of («„), once the fitting parameter a is known. 



Materials and methods 



Aqueous suspensions of spherical polystyrene particles were used 
for the aggregation experiments. The particle diameter was 
580 ± 27 nm as determined by transmission electron microscopy 
(TEM). The polydispersity index was 1.005. The untreated 
suspensions maintained stable owing to charged sulphate groups 
on the particle surface. The corresponding surface charge 
density of — 2.4 ± 0.1 ^C/cm^ was measured by conductometric 
titration. 

The particle surface characteristics were modified by adsorbing 
different amounts of BSA. Samples with 0, 25, 50, 75 and 100% of 
the surface covered by protein were prepared. Here, a surface 
coverage of 0% means that the sample were treated exactly the 
same way as all other samples, with the only difference being that 
no protein was added. 

Aggregation was induced by mixing equal volumes of electrolyte 
solution and stable sample by means of a Y-shaped mixing device. 
The final electrolyte concentration was 1 M KCl. An acetate buffer 
of low ionic strength was employed for fixing the pH of the 
aggregating samples at pH 5. The initial particle concentration was 
always 1 x 10*cm“^. 

SCLS was employed to monitor the cluster size distribution 
during aggregation. The SCLS instrument used for this study 
separates the aggregates by means of hydrodynamic focusing and 
forces them to flow one by one across a focused laser beam. As the 
particles pass, they scatter a pulse of light, which is detected at low 
angle. The instrument counts the light pulses and classifies them 
according to the scattered light intensity. This makes it possible to 
monitor the cluster size distribution up to heptamers and to detect 
the overall number of aggregates. The number-average mean 
cluster size is calculated by dividing the initial particle concentra- 
tion, Co, by the overall particle concentration at a given time, i.e. 
{n„}(t) = cq/Y2 For further details on the experimental setup see 
Refs [8, 10]. 
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Results and discussion 

The aim of this study was to determine how different 
amounts of BSA adhered on the surface of colloidal 
particles affect the aggregation mechanism. Five samples 
with different degrees of surface coverage were aggre- 
gated at high salt concentration (1 M KCl). Under these 
conditions, the long-range electrostatic repulsion forces 
are completely screened and only some residual short- 
range interactions between the particles may be present. 

All aggregation experiment were performed at pH 5. 
The reason for that lies in the nature of the adsorbed 
BSA molecules. At a pH higher than pH 5, the BSA 
molecules are negatively charged and at a pH smaller 
than pH 5, a positive net charge is observed. Only at the 
isoelectric point of pH 5 are the BSA molecules neutral 
overall. This means that at pH 5, the presence if adsorbed 
BSA molecules does not alter the particle surface charge 
density and hence, the residual particle interaction. 

All the aggregation experiments were performed and 
evaluated in a similar way. First, the cluster size 
distribution was monitored by means of SCLS. Then, 
the dynamic scaling formalism was used to evaluate the 
data obtained. In the following section the data evalu- 
ation for a sample with 75% of its surface covered by 
proteins is discussed as an example for all different 
aggregation measurements. 

The cluster size distribution as obtained by SCLS is 
shown in Fig. 1. As one can see, the monomer concen- 
tration decreases monotonously owing to the fact that 
monomers can only disappear as they react with other 
aggregates. The curves for dimers and larger aggregates 
go through a maximum since they must first be formed 



before they can react with the clusters. The smaller plot in 
the upper right hand corner of Fig. 1 shows the time 
evolution of the number-average mean cluster-size on a 
logarithmic scale. At long times, a power-law dependence 
according to Eq. (9) can be observed. The best fit for the 
exponent w leads to 0.7 ±0.1. The dynamic scaling 
distribution was calculated from the cluster size distri- 
bution according to Eq. (4). Therefore, Eq. (7) was used 
to correlate the scaled cluster size, s(t), with the number- 
average cluster-size. The fitting exponent a was then 
varied until the curves for the different cluster sizes 
superimposed perfectly and defined a single master curve. 
This curve was then identified as the dynamic scaling 
distribution, <l>(x). The best fit for a gives 1.5 ± 0.2. The 
results obtained for the exponents a and w can now be 
used to calculate the scaling exponent. A, according to 
Eq. (10). The result obtained is A = 0.05 ±0.19. This 
value is in good agreement with the value of A = 0 which 
is generally accepted for DLCA. Nevertheless A is not 
sufficient to identify DLCA unequivocally and, there- 
fore, we prefer to denominate the aggregation regime as 
“diffusion-like”. 

The experimental results for the whole series of 
aggregation experiments are summarized in Eig. 2. Eor 
all the samples, the data were evaluated in the same way 
as described in the previous section. The small plot in the 
upper left-hand corner of Eig. 2 shows the exponent w as 
a function of the particle surface coverage, w decreases 
almost linearly from approximately 1 to 0.5 for increas- 
ing degree of surface coverage. This means that the 
number-average cluster size increases linearly in time for 
the uncovered particles and square-root-like for the 
completely covered particles. This finding suggests - at 



Fig. 1 Time evolution of the 
number concentration of 
monomers (□), dimers (O) and 
trimers (A). The data corre- 
spond to a sample with 75% of 
its surface covered by bovine 
serum albumin. The sample was 
aggregated at pH 5 and 1 M 
KCl. The continuous lines are 
drawn as a guide for the eye. 
The plot in the upper right-hand 
corner shows the time evolution 
of the number-average mean 
cluster size, («„) 




time (s) 
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Fig. 2 Homogeneity exponent, 
I, as a function of the degree of 
surface coverage. The plots in 
the upper left-hand and upper 
right-hand corners show the 
same dependency for the scaling 
exponent, w, and the fitting 
parameter, a, respectively 




0 20 40 60 80 100 

surface coverage (%) 



first view - a radical change in the aggregation mecha- 
nism. Similar behaviour is found for the fitting parameter 
a, which is plotted in the upper right-hand corner of 
Fig. 2. As can be seen, a increases monotonously from 1 
to approximately 2 for increasing degree of surface 
coverage. This once again suggests a drastic change in the 
aggregation mechanism. 

Nevertheless, neither w nor a is related directly to the 
aggregation kernel and hence, both have to be evaluated 
with care. Only the homogeneity parameter, 1, has a 
clearly defined physical meaning and may be interpreted 
directly. The main plot of Fig. 2 shows 1 as a function of 
the particle surface coverage. As can be seen, a remains 
zero for all degrees of surface coverage. Only for the 
completely covered particles is a slight increase for 1 
observed. This makes it clear that all the samples are still 
aggregating in a diffusion-like aggregation regime which 
is characterized by /, = 0. Consequently the direct 
interpretation of the exponents vr or a would have led 
to erroneous results. 



Conclusions 

The aggregation of protein-covered colloidal particles 
was studied at high salt concentration by means of SCLS. 
All aggregation measurements were performed at the 
protein’s isoelectric point in order to keep constant the 
surface charge density of the particles. The results 
obtained show that the cluster size distributions scale 
independently of the degree of surface coverage. It was 
found that the BSA molecules drastically change the time 
evolution of the number-average cluster size. Neverthe- 
less, the homogeneity parameter remains practically zero 
at all degrees of surface coverage and, hence, the 
aggregation regime is diffusion-like. 
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Abstract The constant composition 
method (pF-stat method) was em- 
ployed to prepare submicrometer- 
sized (few tens of nanometers to 
several hundred nanometers), very 
stable, positively charged LaF 3 par- 
ticles of narrow size distribution in 
the acidic region from pH 4 to 4.5. 
Polarizing microscope pictures (an- 
isotropic clusters) and dynamic light 
scattering (DES) data demonstrate 
that the submicrometer structure is 
self-similar and a fractal with the 
dimension going from D^— 1.4 to 2.1 
(±0.05), i.e. the aggregation process 
proceeds from diffusion-limited to 
reaction-limited with increasing 



supersaturation of the solution. The 
pF-stat rate in acidic solution obeys 
first-order kinetics {p— 1.09 ± 0.08). 
Also the rate of growth from the 
DES data, i.e. the slope of the 
change in the size (normalized me- 
dian hydrodynamic diameter) with 
mass increment (which is propor- 
tional to time), is about 1; more 
precisely it increases from 0.85 to 
1.05 with increasing supersaturation. 

Key words Constant composition 
method of crystal growth • Dynamic 
light scattering • Hydrodynamic 
diameter • Lanthanum fluoride • 
Particle aggregation 



Introduction 

The constant composition method (CCM), particularly 
the pF-stat method, is a convenient steady-state tech- 
nique for preparing large amounts of and/or large size 
crystalline metal fiuorides far from thermodynamic 
equilibrium, even at very low supersaturation avoiding 
the nonreproducible effects of nucleation (no secondary 
nucleation). It has attracted theoretical and experi- 
mental attention owing to its potential technological 
importance [1-4]. It is well known that the working 
supersaturated solution used for crystal growth must be 
stable and have a constant composition of all the ionic 
species until well-defined seeds are introduced so that 
the growth process starts on their surface. However, the 
working solution itself has hardly ever been investigated 
dynamically and structurally in mesoscopic space and 
on the corresponding time scale. This is the aim of this 
contribution. Earlier, phenomenological research [4] 



showed that large micron-sized LaF 3 crystals can be 
prepared by the CCM method only if the pH of the 
equimolar supersaturated solution is in the range 
5.3 ±0.6. If it is either lower or higher than the 
mentioned value, which was attained with a large excess 
of lanthanum or fluoride ions, the solid phase formation 
is governed by a different mechanism, leading to systems 
of different structure. Here systems in the acidic region 
are characterized. 



Experimental methods and procedure 

KF and La(N 03)3 (pro analyst) were from Merck (Darmstadt, 
Germany). Both potentiometric pF and pH measurements were 
performed in the pF-stat kinetic experiments using a F“ selective 
electrode (Metrohm) or a glass electrode with a saturated calomel 
electrode as a reference. The pH was checked occasionally during 
the run and at the end of the run. The addition of the titrants (in 
the concentration ratio 1:3) is proportional to the rate of growth 
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and was governed by the decrease of a(F“) in the working solution, 
so the dilference against the set potential was 4 mV or a 
maximum of 6 mV (about 7.5 x lO^^mol/dm^ F“). The average 
of six AF“VAi (change in the added volume with time) recorded at 
each double mass of the initial mass of seeds, mo, (i.e. at each 
m/mo= 1, 2, ...6) was used in the calculation of the rate (error about 
3%). The experimental setup and the procedure have been 
described previously [2, 3], The growth of the submicrometer 
particles was also followed by measuring the dynamic light 
scattering (DLS) (i^hi hydrodynamic diameter determination) 
using a DLS-700S spectrophotometer (Otsuka, Japan) with an 
Ar^ laser of optimum power 10 mW [3], A 10-cm^ aliquot of the 
original (not diluted) samples, withdrawn at definite times as 
mentioned, was added to a 2.1 -cm diameter cylindrical cell. 
Furthermore, the systems were examined using a polarizing 
microscope with a 2-plate (Leitz, Wetzlar, Germany) microscope 
with an automatic camera [4]. 

Calculation of supersaturation and growth rate 

Kinetic crystal growth experiments were performed at constant 
supersaturation. The activity of the ions was calculated using the 
computer program Mineql -H , [5]. The constants in Table 1, mainly 
taken from the Ref [6], were taken into account. 

The relative supersaturation, a, for this particular (1:3) salt was 
calculated using the equation 

, (1) 

where the average activity coefficient, p±, of positive and negative 
univalent ions was calculated from the simple Debye-Hiickel 
equation. 

The growth rate normalized to the mass of seeds and to the 
specific surface area of seeds (56.13 m^ g“') is proportional to the 
effective order of growth process, p, [2]: 

7/ (mol - s-'m-2) = : (2) 

hence, in the logarithmic form of Eq. (2) the slope is equal to p. 

The kinetics of growth of the submicrometer particles was 
calculated from the change in the median weight-average (WA) 
hydrodynamic diameter (median <7 h ) with time of the withdrawn 
samples using DLS measurements, as described earlier [3]; 
(Ai7h median), /A7 h median)]. The fractal dimension, Df, of these 
particles was determined from the static light scattering data (total 
Rayleigh ratio as a function of the scattering vector q) using the 
known relation 

R{q) CX . (3) 



Table 1 logif for the complexes and the dissolved solids [6] 



LogK (at 25 °C, 7^0) 



Complexes: 




LaNOi'^ 


1.50 


OH 


- 14.00 


LaOtf"" 


- 9.00 


H 2 F 2 (aq) 


6.77 


HF 2 


3.75 


HF (aq) 


3.17 


LaF" + 


3.60 


LaF/" 


5.56 


Dissolved solids: 




LaFs (s) 


- 17.95 


La(OH )3 (s) 


- 21.20 



Results and discussion 

Kinetic pF-stat experiments of crystal growth 
and characterization of the precipitate in the acidic 
pH region 

The particles of the Lap 3 systems in the acidic pH region 
(pH between 3.95 and 4.5) with excess lanthanum nitrate 
over potassium fluoride are well characterized by DLS 
measurements. They are small, submicrometer-size par- 
ticles with high colloid stability (blue sol) owing to the 
electrostatic repulsion between positively charged parti- 
cles, as determined by the electrophoretic mobility 
measurements (La^^ ions in this pH region). The seeds 
used for pF-stat growth experiments had 
^/H(w.a.) = 360 ± 16 nm, dm/d«=1.01, the electropho- 
retic mobility of 3.14 x 10“"^ cm^/Vs and the zeta 
potential of 38.95 mV. The hydrodynamic diameters 
were the same or decreased in the initial period of time of 
the pF-stat experiments (compared to the size of seeds 
added) until the steady-state was attained, not only in the 
sense of constant potential (activity of F“ ions) but also 
in the sense of the particle size and the particle size 
distribution (PSD). The redistribution of sizes occurs 
without secondary nucleation. After the steady-state had 
been achieved (that is here certainly at m/mo = 3, ■•■6, i.e. 
300% of growth and more) the shifts to higher du values 
of the submicrometer particles accompanied with a 
narrowing of the PSD with time were determined, as is 
shown in Fig. 1. The linear increase in the median 
hydrodynamic diameters (w.a. at 50% frequency) with 
time is presented in Fig. 2, from which the effective order 
of reaction, p, is determined to be 1 (within the limit of 




Fig. 1 Particle size distribution (PSD) of the submicrometer LaF 3 
particles (dynamic light scattering, DLS, data) during the pF-stat 
growth from the supersaturated solution with equimolar concentra- 
tions of lattice ions and pH 4.3, at mass increments m/wo = 2, 3, 4, 5, 6 
(niQ is the initial mass of the seeds) 
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Fig. 2 Kinetics of particle growth by pF-stat experiments (constant 
composition method, CCM) determined as a change in the median 
hydrodynamic diameter (DLS data) with Lap 3 (s) mass increment. 3, 
4, 5, 8 and 9 denote the concentrations of La(N 03)3 in the 
supersaturated solution: 3 x 10^"'-9 x 10^“* moldm^^ and KF in 
corresponding equimolar concentrations (1:3) 



experimental error), as well as from the pF-stat growth 
kinetics, according to eq. 2, shown in Fig. 3. The 
photomicrograph which shows the manner of the 
aggregation and growth of the submicrometer particles 
i.e. anisotropic dendrites obtained after water evapora- 
tion under a microscope glass from the 8-year stable blue 
sol at pH~4.3, in region I of the precipitation diagram 
(where the solubility line coincides with the equimolarity 
line) was published in Ref 4 (Figs. 4, 5a). The determi- 
nation of the fractal dimension of these sols with 
increasing concentration of lattice ions finally approach- 
ing the equimolarity solubility line for a 1:3 salt is 




Fig. 3 Kinetics of pF-stat growth rate (log/) as a function of relative 
supersaturation (logo-), p is effective order of reaction, as for Fig. 2 




log q /nm 

Fig. 4 Fractal dimensions of LaF 3 (s)- particles in supersaturated 
solutions used for pF-stat growth: total Rayleigh ratio as a function of 
scattering vector. The concentrations are as for Fig. 2 



presented in Fig. 4. The straight lines can be drawn in the 
double-logarithmic plot of the light scattering intensity 
presented as the total Rayleigh ratios against the 
scattering vector, q, over a range equivalent to approx- 
imately 40-446 nm in real space. The fractal dimension 
increases with concentration going from the values 
characteristic for diffusion-limited aggregation finally 
to those characteristic for reaction-limited aggregation. 



Conclusion 

The CCM, in this particular case the pF-stat method, is 
applicable and convenient for the preparation and study 
of the kinetics of submicrometer particles. The aggregate 
structures reported here, LaF 3 blue sols in acidic solution 
over the pH range from 3.95 to 4.5 and over the scale 
ranging from a few tens of nanometers to over several 
hundred nanometers, are self-similar and fractal. 
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Abstract We present some results 
obtained in 2D aggregation experi- 
ments. Experiments were made using 
a salt subphase of 2.0 M KBr and 
pEI values ranging from 1.5 to 6.0. 
We used two latex polystyrene sam- 
ples with different contact angles (i.e. 
different hydrophobic properties) 
and similar particle sizes. Digitised 
images were obtained at different 
aggregation times. These images 
were analysed to obtain the aggre- 
gates from the whole image. The 
aggregation results were compared 
using the kinetic exponents obtained 
from the asymptotic behaviour of 
the total number of aggregates as a 



function of time. N o^f.\n contrast 
to the 3D case, the aggregation at 
the air-solution interface was faster 
for the hydrophilic particles than for 
the hydrophobic ones. These exper- 
imental hndings were analysed using 
a model of the interactions between 
colloidal particles at the air-liquid 
interface that takes an electrostatic 
dipolar repulsive term into account 
between the air-exposed parts of the 
particles. 

Key words Colloidal interaction • 
Air-liquid interface • Colloidal 
aggregation • Kinetics of 
aggregation 



Introduction 

Colloidal stability is a complex phenomenon that has 
attracted the interest of the scientific community. The 
most important theory that explains colloidal stability is 
the Derjaguin-Landau-Verwey-Overbeek (DLVO) the- 
ory [1]. This theory was shown to be able to explain 
colloidal stability of colloidal particles in the bulk; 
however, it is not able to explain colloidal stability of 
colloidal particles at the air-liquid interface. This is so 
because of the complex nature of the interactions 
between colloidal particles at the interface. At the 
interface we found capillary interactions that do not 
have an analogue in the bulk and we also found a 
hydrophobic interaction that is not included in the 
DLVO theory [2], 

When comparing the stability behaviour of the same 
kind of colloidal particles trapped by capillary and 
electrostatic forces [3, 4] at the air-liquid interface and in 
the bulk it is usually found that at the air-liquid interface 



the colloidal particles are more stable [5]. This experi- 
mental finding is not explained if we only use the 
energetic terms of interaction that are included in the 
DLVO theory and even if we include hydrophobic and 
capillary interactions. When we use these interaction 
terms, the predicted stability for colloidal particles at the 
interface is lower than for the same particles in the bulk, 
in contrast to the experimental results. This is mainly due 
to the increase in the Van der Waals attraction and the 
decrease in electrostatic repulsion between the double 
layers of the particles at the interface. This fact is a clear 
sign of the complexity of the interaction between 
colloidal particles at the interface. 

In this work we report some experimental results 
corresponding to aggregation experiments that were 
done at the salt solution-air interface using latex 
particles. Aggregation was studied as a function of the 
subphase pH at a high salt concentration, 1 order of 
magnitude higher than the critical coagulation concen- 
tration (ccc) of the same latex particles in the bulk. 
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Experimental results 

Colloidal aggregation experiments at the air-liquid 
interface were carried out using a small circular cell of 
Teflon. Salt solution was introduced into the cell and 
then latex particles were spread at the interface using 
methanol as a spreading agent. After the evaporation of 
the methanol a more-or-less uniform monolayer of 
colloidal particles was obtained. The particles at the 
interface move randomly and aggregate on contact. After 
methanol evaporation the cell was cover to prevent air 
motion affecting the aggregation process. The kinetics of 
the aggregation was followed using a phase-contact 
microscope with a charge-coupled-device camera that 
allows digital images of the aggregation to be captured. 

We present results for two latex particles, the charac- 
teristics of which are shown in Table 1. Both types of 
particles have the same size but different charges and 
contact angles. The last value is especially interesting 
because of the effect that the contact angle has in the 
particle exposure to the air phase. So it was expected that 
both kinds of particle would behave differently. 

Colloidal aggregation experiments were made at a salt 
concentration 2.0 M KBr (1 order of magnitude higher 
than the ccc of these latex particles, which is around 
200 mM for the same salt). 

We have studied the effect of the pH of the subphase 
on the aggregation regime. 

A typical image obtained in an aggregation experi- 
ment is shown in Fig. 1. Before obtaining information 
from this picture we had to process the image digitally to 
distinguish the colloidal particles from the background; 
this is of fundamental importance for the experimental 
results. 

A lot of parameters can be analysed from the picture 
obtained in an aggregation experiment. Examples of 
these are the fractal dimension of the aggregates, their 
anisotropy, the size density distribution, nJJ), of the 
aggregates, i.e. the number of aggregates of size 5 that are 
present in the image in a given time, t, etc. We focused 
our attention on the scaling behaviour of the total 
number of aggregates included in an image. The total 
number of aggregates, N, is a function of time that 
behaves as A cx f, where the kinetics exponent z is 
dependent on the aggregation process followed by the 
system. 

Table 1 Characteristics of the experimental systems used for the 
aggregation experiments. Two kinds of latex particles were used 
with different hydrophobic character. Both types of particles have a 
similar size (around 600 nm) but different charge density (a) and 
contact angle {&) 



Latex 


Size (nm) 


(7 (tiC/cm^) 


e 


JL-10 


636 ± 16 


-10.3 ± 0.4 


50 


AS-8 


580 ± 30 


-2.4 ± 0.1 


82 




Fig. 1 An example of a digital image obtained in a 2D aggregation 
experiment at the air-liquid interface. The experiment shown was 
made with the JL-10 latex at a 2.0 M KBr salt concentration and pH 
2.0 

The pH dependence of z is shown in Fig. 2 for both 
latexes. As can be seen a typical characteristic of this 
dependence is the existence of a maximum. For both 
latexes the maximum is at about pH 3.0. As can be seen 
in this figure, the hydrophilic latex, JLIO, aggregates 
under all the experimental conditions faster than the 
hydrophobic one. This result is in contrast to the 
experimental findings for bulk aggregation, where hy- 
drophobic latex particles aggregate faster than the 
hydrophilic ones owing to the water hydration that 
stabilises the hydrophilic particles. 




Fig. 2 Kinetics exponent, z, obtained from the scaling behaviour of 
the total number of aggregates as a function of time. Both kinds of 
latex particles, hydrophilic and hydrophobic particles, have similar 
behaviour for the dependence of z as a function of the pH of the 
subphase. Both cases present a maximum near pH 3.0, but the values 
are very different. In nearly all the experimental conditions the 
hydrophilic latex, JLIO, aggregates faster than the hydrophobic one, 
ASS. The curves are only a guide for the eye and they do not 
correspond to any theoretical approximation 





125 



So, we have found two main questions relating to the 
stability of colloidal particles at the air-liquid interface: 

1. Why are colloidal particles so stable at the interface? 

2. Why in contrast to the bulk case are hydrophilic 
particles less stable at the interface? 

We will try to answer these questions in the next section. 



Model of the colloidal particle at the interface 

Besides the energetic terms that we referred to in the 
Introduction we will add to our model of the colloidal 
particle at the interface a dipolar term of interaction due 
to the air-exposed parts of the particles [5]. Dipoles 
originate at least in part from the counterions in the 
subphase. 

So the energetic terms that our model includes are 

1 . Electrostatic interaction between the immersed part of 
the particles. 

2. van der Waals interaction both between immersed 
parts and emergent parts, but with a different 
Hamaker constant. 

3. Hydrophobic interaction between immersed parts. 

4. Dipolar interaction between emergent parts. 

We do not include capillary attraction because for 
colloidal particles of this size this energetic contribution 
can be neglected; however, when the aggregation evolves 
this term might be needed because of their size depen- 
dence that scales with the sixth power of the particle 
radius. 

A sketch of the particular model is shown in Fig. 3. 
We consider a spherical particle that is at the air-liquid 
interface and which has an air-exposed part that has a 
dipolar shell. 

To compute the terms of the potential of interaction 
we made different approximations. To obtain the 




+ 

Fig. 3 Model of a colloidal particle at the interface. The spherical 
particle has a dipolar shell in the air-exposed part. The dipoles 
originate at least in part from the counterions in the subphase. The 
interactions also include a double-layer contribution of the particle 
part in the subphase 



electrostatic interaction between the immersed parts of 
the particles we used the Derjaguin approximation [6] 
and the expression for the electrostatic interaction 
between half spaces separated by a distance h as given 
by Verweey and Overbeek [7] 



V(h) — Qxp{—Kh) 



where Z = tanh(ve<po/4/cBT), is the salt concentration, 
the Boltzmann constant, T the temperature, e the 
electron charge, k the inverse of the Debye length, v the 
ionic valence and the surface potential. The compu- 
tation of the van der Waals interaction was done using 
the expression obtained from Gregory [8] and Overbeek 

[9], 



V{h)^ 





Unh^ VI + M/2 



) 



which takes into account the retardation effect. Here A is 
the Hamaker constant and b = 5.32 and 2 = 100 nm. The 
values of the Hamaker constant used were 
Tair = 6.6 X 10^^°J and Twater = 0.95 X 10^^°J. The 
Christenson and Claesson [10] approximation for the 
hydrophobic interaction between half spaces was also 
used. 



V{h) = Wo exp(-/!/2o) , 

where Wq and 2 q are constants related to the strength and 
length respectively of the interaction. Typical values for 
both can be obtained from Ref. [11]. Finally, to obtain 
the value for the dipolar interaction of the emergent parts 
of the particles we divided the air-exposed part of each 
particle into different elements, each of them forming a 
dipole the length of which is the sum of typical values for 
the radius of a cation and an anion, and we computed the 
interaction by using Coulomb’s law. This computation 
needs a 4D integration. With these approximations we 
can compute the total pair energy of interaction between 
colloidal particles at the interface. The total pair 
potential of interaction for both types of particles is 
shown in Fig. 4. The parameters used in the computation 
are indicated in the figure legend. This figure shows the 
potential barrier height is higher for the case of the 
hydrophobic particles. This indicates that hydrophilic 
particles will aggregate faster than the hydrophobic ones, 
as was revealed by the experimental results. The curves 
shown in Fig. 4 were obtained using the surface potential 
of these colloidal particles obtained from their mobility 
at pH 6.0; if we introduced the corresponding values for a 
lower pH the height of the potential barrier might be 
lower because of the decrease in the electrostatic 
repulsion of the immersed parts of the particles. The 
effect of pH on the potential of interaction within the 
DLVO approximation is shown in Fig. 5. If we compare 
Fig. 4 and 5 we can deduce that it is the dipolar 
interaction that makes the colloidal particles stable at 
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Fig. 4 Total pair potential of interaction for both latexes. The 
parameters charactering the JLIO latex were contact angle 50°, surface 
potential -56 mV, surface density of dipoles 0.18 dipoles/nm^, 
lFo=3 mJ and xo = 0.85 nm. The corresponding values for the 
AS8 latex were contact angle 82°, surface potential -40 mV, surface 
density of dipoles 0.18 dipoles/nm^, Wo= -60 mJ m'^ and 2o = 1 nm 



the air-liquid interface. Both figures correspond to a 
2.0 M salt concentration of a 1:1 electrolyte. 



Conclusions 

Colloidal particles at the air-liquid interface present a 
stability that is not justified using an analogue with the 
bulk behaviour. This great stability can be justified if we 
use a model of the interaction between particles at the 
air-liquid interface that includes a dipolar repulsion term 
which originates at least in part from the counterions that 




Fig. 5 Derjaguin-Landau-Verwey-Overbeek approximation, i.e. elec- 
trostatic interaction between the immersed parts of the particles and 
van der Waals interaction between immersed parts of the particles and 
between emergent parts of the particles at the interface. The curves 
correspond to different pH values for both latexes 

are absorbed from the solution in the air-exposed part of 
the interfacial particle. This model can justify the 
colloidal stability of latex particles at the interface and 
it can also explain the lower stability of hydrophilic 
particles at the interface when compared with hydro- 
phobic particles. This behaviour, which is different from 
the bulk behaviour, can be understood if we take into 
account that hydrophobic particles have a greater 
exposure to the air phase and thus greater dipolar 
repulsion. 
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Abstract K-Carrageenans are known 
to form strong but turbid gels in the 
presence of calcium ions. Neverthe- 
less, the resulting gels show no 
syneresis and a relatively low melting 
temperature, which makes them of 
great interest in food applications. 
To better understand the mechanism 
of gelation of these polysaccharides, 
the effect of chemical modification of 
the remaining free secondary hy- 
droxyl groups was studied. The 
formation of hydroxyethyl deriva- 
tives increases the hydrophilicity, 
resulting in less turbid but thermally 



and physically weaker gels. Alkyla- 
tion of the K-carrageenan polymer 
resulted in increased hydrophobic- 
ity, turbidity and brittleness of the 
gels. Differences in thermal stability 
and physical strength of both types 
of modified K-carrageenan gels were 
studied by rheology. Turbidity was 
assessed by UV-v is spectroscopy. 
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Introduction 

Carrageenans are linear sulphated polysaccharides 
extracted from marine red algae. They have a basic 
linear primary structure based on a repeating disaccha- 
ride of a(l-3)-D-galactose and /i(l^)-3,6-anhydro-D- 
galactose. K-Carrageenan contains one sulphate group 
per disaccharide unit at carbon 2 of the 1,3-linked 
galactose unit (Fig. 1) while !-carrageenan contains an 
additional sulphate group at carbon 2 of the 1,4-linked 
galactose unit. 

K- and i-Carrageenans are two gel-forming carrag- 
eenans of enormous importance not only in the food 
industry [1] but also in the pharmaceutical industry [2]. 
The thermoreversible gelation of these polyelectrolytes 
involves a coil-to-helix transition upon cooling, followed 
by the aggregation of the ordered molecules to form an 
infinite network [3]. As expected for polyelectrolytes, the 
counterion plays a major role in the gelation process. For 
instance, it is traditionally noted that i-carrageenan is 
calcium-sensitive, while K-carrageenan is more potassi- 
um-sensitive. Despite these traditional notions, a limited 



number of studies have dealt with the effect of calcium on 
the gelation of K-carrageenan and have led to confusing 
results [4-6]. More recently, Michel et al. [6] have looked 
carefully at the phase diagram of k- and ;-carrageenans 
in the presence of various cations. In the case of 
K-carrageenan in the presence of calcium, they found 
that turbidity occurred above a low (about 0.02 M) salt 
concentration for all the carrageenan concentrations 
studied. Rheology experiments at a high concentration of 
polysaccharide (about 20 g/1) showed strong but turbid 
gels with an elastic modulus not influenced by the salt 
concentration above a calcium concentration threshold. 
For systems with much lower concentrations of polysac- 
charide (5 g/1), we recently showed a maximum in the 
elastic modulus of the calcium-induced K-carrageenan 
gels corresponding to a stoecheiometric ratio, reminis- 
cent of competition between gelation and aggregation or 
phase separation, the latter favoured at high calcium 
concentration. Very recently Ramakrishnan and 
Prud’homme [7] showed that hydrogen-bonding interac- 
tions control the helix formation, while Coulombic 
interactions dominate the mechanism of gelation. 
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Fig. 1 Repeating disaccharide structure of K-carrageenan derivatives. 
Unmodified (R = H), hydroxyethyl carrageenan (eo-cgn) 
(R = — CH2CH2OH), octyl carrageenan (Cs-cgn) (R = — C8H17) 

Here we report the hydrophobic modification of the 
K-carrageenan polymer with the view of assessing the role 
of hydrophobic interactions in the gelation process. To 
do so, we proceeded to increase the hydrophobicity of the 
polysaccharide by etherification of the free secondary 
hydroxyls groups with 1-chlorooctane or to reduce the 
hydrophobicity by etherification with 2-chloroethanol. 
The two modified polysaccharides were studied in terms 
of their gelling behaviour by rheology and the turbidity 
of the gel formed was studied by UV-vis spectroscopy. 



Experimental 

Materials 

The K-carrageenan used was a food-grade product from Quest 
(Deltagel P378). The molecular weight was determined by viscosi- 
metry as 415,000 [7] (Mo.im Naci = 672 ml/g). The samples were 
purified as previously described according to a procedure derived 
from Ramzi et al. [8], 

Hydroxyethyl carrageenan 

The reaction of K-carrageenan with 2-chloroethanol (99% grade 
from Aldrich) was adapted from Guiseley [9], Carrageenan (Sg) was 
added to 100 ml aqueous solution containing 1.2 g NaOH and 
0.5 ml sodium borohydride Venpure (12% w/w in 14 M NaOH, 
from Aldrich). The solution was heated to 80 °C under mechanical 
stirring for 1 h to ensure complete dissolution of the polymer and 
2.64 g 2-chloroethanol in 11 ml water was added dropwise over 
15 min. The reaction was maintained at 80 °C for 2 h before being 
cooled and neutralised with a 3 M acetic acid solution. Purification 
of the resulting hydroxyethyl carrageenan (eo-cgn) was performed 
as for the unmodified polymer in order to obtain the sodium form. 
This treatment did not result in substantial degradation of the 
polymer chain as determined by viscosity measurements 
(Mo.im Naci = 649 ml/g). 

Elemental analysis of the product led to inconclusive estimation 
of the reactivity yield, but on the basis of published data [9] we 
estimated a reactivity of 40% per disaccharide unit. 

Octyl carrageenan 

The reaction procedure of K-carrageenan with 1-chlorooctane 
(99% grade from Aldrich) was the same as for the hydroxyethyl 
derivative. Once again, no degradation of the polymer chain 
was observed (Mo.im Naci = 680 ml/g). Elemental analysis of the 



product led to an estimation of the reactivity yield of 7% per 
disaccharide unit. This somewhat low yield is explained by the poor 
solubility of the chlorinated reagent in the reaction medium. 

Methods 

Rheology 

A dynamic stress rheometer (Rheometric Scientific) with parallel 
plates (40 mm diameter, 0.2 mm gap) was used for all the rheology 
experiments. A vapour barrier was used to prevent solvent 
evaporation. All the samples were aqueous solutions of carragee- 
nan derivative at 5 g/1 with different amounts of calcium chloride 
(up to 0.04 M). 

The melting transitions and gelation of the various carrageenan 
samples were studied by dynamic oscillatory measurements during 
temperature ramps between 5 and 60 °C (rate 1 °C/min) using the 
Peltier heating option. In order to be in the linear viscoelastic 
domain, these experiments were performed at a low frequency 
(1 rad/s) and with a low stress (typically 1-5 Pa). The resulting 
strains on the gels were then in the 1 % range. 

To estimate more accurately the elastic shear modulus, G', of the 
gels at 5 °C, dynamic oscillatory measurements were performed at 
constant frequency (1 rad/s) during stress ramps (0.1 Pa to break 
point). The values of the elastic modulus obtained were well within 
the plateau region and typically at strains of 1%. 

Turbidity 

Turbidity was assessed using a UNICAM Helios a UV-vis 
spectrometer equipped with a jacketed cell holder maintained at 
10 ± 0.1 °C with a circulating water bath. Carrageenan samples 
were poured in 1 cm fluorimeter polystyrene cuvettes purchased 
from Sigma (cutoff 340 nm). After zeroing on water, the transmit- 
tance was recorded between 350 and 600 nm. As the transmittance 
typically increased monotonically over the entire spectrum range, 
the transmittance at 450 nm was taken as indicative. A temperature 
of 10 °C was chosen rather than 5 °C, as excessive condensation 
developed at this lower temperature, which made the reading of the 
transmittance quite irreproducible and sometimes meaningless. 



Results and discussion 

Thermal stability 

The melting transition of the carrageenan samples was 
studied by measuring the elastic (G') and storage (G") 
moduli while imposing a temperature ramp, and the 
melting temperatures were taken at the moduli crossover. 

The evolution of the melting temperatures of the 
various carrageenan derivatives with increasing concen- 
trations of calcium chloride is shown in Fig. 2. Figure 3 
is a linearisation of the curves in Fig. 2 following the 
Ferry-Eldridge model [10]. 

We can see clearly that the enthalpy associated with 
the melting process is constant over the range of 
temperature investigated and furthermore that all the 
samples show a similar enthalpy (slopes in Fig. 3). The 
chemical modification of the carrageenan samples does 
not seem to alter significantly the mechanism of gelation. 
The effect of hydrophobic modification on the thermal 
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Fig. 2 Evolution of the melting temperature of carrageenan gels with 
calcium. Unmodified (•), eo-cgn (■), Cg-cgn (A) 




1000/T(K-') 



Fig. 3 Ferry-Eldridge plot of the evolution of the melting tempera- 
ture of carrageenan gels with calcium. Same symbols as in Fig. 2 

Stability of these carrageenan samples is less clear. As 
previously described [9], the hydrophilic modification 
results in a large decrease in thermal stability, the melting 
temperatures of the eo-cgn samples being on average 
1 5 °C lower than the unmodified samples over the entire 
range of calcium concentration studied. However, the 
hydrophobically modified octyl carrageenan (Cg-cgn) 
sample also showed some slight decrease in thermal 
stability when compared to the unmodified sample. One 
explanation for such behaviour might reside in some 



steric hindrance in helix formation owing to the long 
alkyl chains. In order to better understand this phenom- 
enon, we compared the evolution of the gel strength for 
the various derivatives. 



Gel strength 

The evolution of the elastic modulus of the three 
carrageenan samples at 5 °C with varying calcium 
concentration is shown in Fig. 4. 

As noted previously, G' of unmodified carrageenan 
passes through a maximum at an “optimal” calcium 
concentration of around 0.015 M, which corresponds 
roughly to one calcium per disaccharide unit. This 
behaviour is maintained for both carrageenan derivatives 
except that the maximum is reached at a slightly higher 
calcium concentration. 

The hydrophilic derivative eo-cgn shows a 20-fold 
decrease in G' when compared to the unmodified 
carrageenan and is not affected as much by high calcium 
concentrations. The hydrophobic derivative Cg-cgn has 
G' values similar to the unmodified carrageenan for low 
calcium concentrations, but the gel strength is less 
dramatically affected at high calcium concentrations. 

To better understand this phenomenon of “optimal” 
calcium concentration, we proceeded to measure the 
evolution of the yield stress of the various samples with 
calcium concentration (Fig. 5). To do so, we recorded the 
dynamic stress sweeps of each sample at 5 °C and under a 
constant frequency. As can be seen from Fig. 5, where the 




Fig. 4 Evolution of the elastic modulus {G') of the carrageenan gels 
with calcium at 5 °C. Same symbols as in Fig. 2 
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Fig. 5 Evolution of the yield stress of the hydrophobic and Fig. 6 Evolution of the turbidity at 450 nm of the carrageenan gels 

hydrophilic carrageenan gels with calcium at 5 °C. Same symbols as with calcium at 10 °C. Same symbols as in Fig. 2 

in Fig. 2 



results for eo-cgn and Cg-cgn are plotted, the behaviour 
of the samples is affected by their hydrophobicity. The 
hydrophilic sample (eo-cgn) shows a decrease in yield 
stress over the entire range of calcium concentration 
studied, with some marked decrease at the “optimal” 
concentration of 20 mM. The relatively low values of 
yield stress for this derivative hide the high compliancy of 
the samples as expressed in maximum strains of the order 
of 100%. The hydrophobic sample shows markedly 
different behaviour, the yield stress increasing up to the 
“optimal” calcium concentration and decreasing after- 
wards. For comparison, the maximum deformation 
strains of these samples were in the region of 15%, a 
low value which reflects their brittleness. 

On visual inspection, we noted that the gels made of 
Cg-cgn with high calcium concentrations were very 
turbid, a phenomenon reminiscent of aggregation or 
precipitation. In order to assess if the rheological findings 
for the elastic moduli, the yield stress and the maximum 
strains had any connection to the transparency, we 
studied the optical behaviour of the different samples at 
450 nm in order to quantify their turbidity. 



Turbidity measurements 

Turbidity was assessed as the percentage transmittance 
of the samples at 450 nm and 10 °C. The evolution of the 
turbidity as a function of added calcium is shown in 
Fig. 6. 



Once again, the behaviour of the samples is bimodal. 
More importantly, the general trend for both modified 
carrageenan samples points to some relation between 
hydrophobicity and turbidity; the more hydrophobic the 
polymer, the more turbid the gel. 

In both cases, turbidity increases (the percentage 
transmittance decreases) slightly up to about 0.020 M 
calcium and drops afterwards. The early slight decreases 
can be explained in terms of thermal stability. Indeed, all 
the samples are not turbid at high temperature, when 
melted. As the temperature of the experiment is quite 
close to the melting temperature, the samples with low 
amounts of calcium show very slight turbidity. As the 
amount of calcium increases above this value of one 
calcium ion per disaccharide unit, the turbidity decreases 
more sharply. 



Conclusion 

This series of experiments has revealed interesting 
behaviour in calcium-induced hydrophobically modified 
carrageenan gels. The gels are strong and thermally 
stable below a calcium concentration corresponding 
roughly to one calcium ion per disaccharide unit. In this 
region, calcium ions induce gelation. Above this concen- 
tration however, calcium seems to induce phase separa- 
tion and precipitation. There seems, therefore, to be a 
balance between gelation and precipitation in calcium- 
induced carrageenan gels; the more hydrophobic the 
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polymer the more prone it is to precipitation; the more 
hydrophilic the polymer, the more prone it is to gelation. 
This overall behaviour of hydrophobically modified 
K-carrageenan gels puts some limitation on their poten- 
tial use as hydrophobic drug delivery systems, unless one 



can put the precipitation process to one’s advantage, as 
in the case of associative microgels. 
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Abstract Ultrasonic velocity and 
attenuation measurements were per- 
formed for a series of emulsions 
containing sodium caseinate and 
Tween 20. The kinetics of creaming 
were followed in order to establish 
relationships between depletion 
flocculant concentration and the 
onset of creaming. An interesting 
phenomenon was noticed where at- 
tenuation throughout the bulk of the 
emulsion dropped from very high 
values to lower ones with time. This 
was more intense at higher concen- 
trations of Tween 20 (more floccu- 
lated emulsions). The lower 



attenuation values corresponded 
approximately to the theoretically 
predicted attenuation spectra for 
flocculated emulsions. The explana- 
tion for the higher attenuation at the 
beginning of the lifetime of the 
emulsions seems to be related to the 
formation of a transient gel span- 
ning throughout the structure, 
eventually breaking up to produce 
discretely creaming floes. 

Key words Emulsions • 

Ultrasound • Caseinate • Delayed 
creaming • Phase transition 



Introduction 

An emulsion stabilised against coalescence by means of 
an adequate quantity of surface-active material and 
against Ostwald ripening by means of a very insoluble 
dispersed phase is prone to destabilisation through 
flocculation and creaming. In the case of excess surfac- 
tant, the main threat to emulsion stability is depletion 
flocculation [1]. Mixed excess surfactant systems can 
exert significant synergism towards depletion floccula- 
tion [2]. 

Destabilisation may be apparent as phase separation 
or enhanced creaming. It has been reported in previous 
work [3-6] that creaming in strongly flocculated emul- 
sions will only appear after a certain lag phase. The 
behaviour is suspected to involve the formation of an 
intermediate unstable gel network [7]. Sometimes the 
process of formation of two thermodynamically incom- 
patible phases, which eventually leads to creaming, can 
be visualised as a fluid-solid transition [8]. 

Correlations between the strength of flocculation and 
the concentration of the surface-active materials in mixed 



sodium caseinate and Tween 20 emulsions have previ- 
ously been established in our laboratory [2]. It was found 
that increasing concentrations of Tween 20 in a casei- 
nate-based emulsion can enhance depletion flocculation 
through a combination of unadsorbed surfactant mi- 
celles, desorbed caseinate, and/or mixed caseinate-sur- 
factant aggregates. 

Ultrasound measurement techniques have evolved 
during the last few years as a novel convenient method of 
obtaining data on complex liquid or liquidlike systems 
[9]. These techniques offer a very interesting alternative 
to techniques such as microscopy, electrical conductivity, 
and light scattering methods, as they are noninvasive, do 
not require sample dilution [10, 11] and are thus able to 
detect otherwise undetectable phase transitions [9, 12]. 



Materials and methods 

Spray-dried sodium caseinate (less than 6% moisture, 0.05% 
calcium) was obtained from de Melkindustrie (Veghel, The 
Netherlands). Sunflower oil was purchased from the local 
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supermarket and was subsequently purified by passing through a 
Florisil packed column, as proposed by Gaonkar [13]. Tween 20 
(50% lauric acid, balanced by myristic, palmitic and stearic acid), 
tris(hydroxymethyl)aminomethane hydrochloride (Trizma-HCl) 
buffer (greater than 99% purity) and Florisil (activated magnesium 
silicate) were purchased from Sigma (St Louis, Mo.). 

The emulsion aqueous phase was prepared by dissolving an 
appropriate amount of sodium caseinate in 0.025 M Trizma-FlCl 
aqueous solution at pFl 6.8. Purified sunflower oil was added to 
make a 30% oil-in-water premix; this was homogenised by three 
successive passes through a Shields high-pressure homogeniser in 
order to prepare a line, stable 2% caseinate emulsion of the desired 
average droplet size. A Malvern Mastersizer was used to ensure 
that all the emulsions prepared were of a uniform average droplet 
size. Analysis of the scattering data revealed that the size 
distribution of the droplets was bimodal, with the main peak 
having a maximum at about 1 fim and a smaller peak with a 
maximum at about 0.2 /im for all the emulsions. d ^2 was calculated 
to be 0.35 fim. Tween 20 was then added as required under very 
gentle stirring. Care was taken throughout to maintain the 
emulsions at 25 °C. 

The velocity and attenuation of ultrasound pulses were mea- 
sured at 5-mm vertical intervals along the entire length of a 
calibrated cell (280 mm) for emulsion samples stored for different 
lengths of time as described elsewhere [9]. 

For the measurements of the attenuation spectra, the emulsions 
were placed in the sample cell of the FSuper ultrasound attenuation 
spectrometer, and attenuation-frequency spectra were collected at 
regular time intervals until creaming started to appear. Where 
appropriate, the core-shell model proposed by Flemar et al. [14], 
and modified by McClements et al. [15] for polydisperse systems, 
was used to predict the level of flocculation and/or the size of the 
floes in the emulsion. Physical properties of the materials involved 
were taken from Coupland and McClements [16], Povey et al. [17], 
and the laboratory’s Malvern Ultrasizer database. Attenuation 
measurements were carried out in the creaming rig at different 
heights, as well as in the specialised attenuation measurement 
instrument, the FSuper. The latter is made of a sample chamber 
immersed in a water bath, with a transducer/receiver mounted on 
the wall of the instrument. 

Explicit solutions of the equations correlating attenuation over 
a range of frequencies with droplet size, flocculation level, floe size, 
and droplet packing, taking into account the thermal layers of the 
dispersed particles, were obtained through a Microcal Mathcad 
routine kindly provided by Julian McClements (University of 
Massachussetts, Amherst, Mass., USA). 




Fig. 1 Effect of surfactant concentration on delayed creaming. The 
time required for the phase-separation boundary (“serum”) to reach 
one-tenth of the emulsion height in the creaming rig tube is plotted 
against the Tween 20 concentration 

takes for a more flocculated emulsion to cream also 
increases. Hence, for a nonflocculated emulsion contain- 
ing only 2% caseinate, a droplet-poor region appears at 
the bottom of the tube in less than 5 h, while in a far 
more flocculated 2% caseinate and 4% Tween 20 
emulsion, the same region appears only after more than 
20 h. 

Ultrasound attenuation measurements were then used 
as a probe to detect structural changes in an emulsion 
before creaming starts to occur. A precise attenuation 
spectrometer, the FSuper, was used to continuously 
measure the attenuation spectra of the emulsions. The 
time dependence of the attenuation at 3 MHz is dis- 
played in Fig. 2. An examination of the graph reveals an 
interesting observation. For emulsions with a highly 
flocculated character (i.e., 3% Tween 20), an initial high 
attenuation of about 100 Npm“’ is apparent, which is 
eventually lowered to about 20 Npm“^ The latter values, 
but not the former, are roughly consistent with the 
theoretical value expected from the thermal field overlap 



Results and discussion 

A comparison of the time needed for creaming to appear 
in a series of emulsions with increasing flocculation level 
is displayed in Fig. 1. As has been described before [2], 
increasing amounts of Tween 20 when added into a 
sodium caseinate stabilised emulsion lead to stronger 
flocculation and more enhanced creaming. We define as 
the onset of creaming the time when the phase-separation 
boundary reaches one-tenth of the emulsion height. This 
time for creaming to start occurring is plotted as a 
function of Tween 20 concentration (increasing floccu- 
lation level, see earlier). 

As the strength of the depletion interaction increases 
with the Tween 20 concentration, the population of the 
creaming droplets increases. However, the time that it 
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Fig. 2 Time-dependent changes in attenuation at 3 MFIz for a series 
of 2% caseinate emulsions containing different amounts of Tween 20: 
no surfactant (triangles); 1% Tween 20 (squares); 3% Tween 20 
(circles) 
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theory. This transition from high values to lower, 
theoretically expected values is less pronounced as the 
flocculation of the emulsions becomes weaker. Hence, 
there is practically no time-dependent change in the case 
of the very weakly flocculated 2% caseinate alone 
emulsion. These results are in good quantitative agree- 
ment with results from an attenuation measurement 
apparatus mounted in the creaming rig, which was used 
to obtain the data for Fig. 1. 

Since no new components have been added to the 
system and no gravitational separation has yet occurred, 
the time-dependent changes in Fig. 2 should reflect 
structural rearrangements within the flocculated emul- 
sion. If the attenuation changes were related to the 
formation of floes, then fitting the experimentally 
obtained attenuation spectra to a theoretical model for 
the prediction of attenuation spectra of an emulsion 
under various states of flocculation should give us 
valuable insight into precreaming structural changes. 
We used the model developed by Hemar et al. [14] and 
McClements et al. [15]. This model assumes that spher- 
ical floes are homogeneously distributed within a con- 
tinuous phase. Droplet size, polydispersity, floe size, and 
floe packing are incorporated into this model. Floes are 
initially considered as scattering bodies, and effects due 
to the overlap of the thermal fields on the approach of 
two droplets (or viscoinertial effects) are taken into 
consideration. 

As can be seen in Fig. 3, a satisfactory fit was obtained 
for the final attenuation in the flocculated systems, using 
the model described earlier, assuming idealised spherical 
floes of roughly similar (here monomodal) droplet size 
distribution. The initial stages present an attenuation 
much too high for us to be able to fit the results to the 
simple model we are using here. Thus, the high attenu- 
ation values imply a continuous phase having substan- 
tially different physical properties from that of water 




frequency (MHz) 

Fig. 3 Theoretical predictions of the attenuation spectra for emul- 
sions: fully flocculated, floe size 16 fim (triangles); nonflocculated 
(squares). Experimental data: 2% caseinate and 3% Tween 20, just 
prepared (broken line with .squares); 2% caseinate and 3% Tween 20, 
300-min old (broken tine) 



containing spherical isolated floes. Thus, a new model 
taking into account an entirely different and more 
complex continuous phase will be required to predict 
attenuation in the transient gels. 

It is known [18, 19] that macroscopic destabilisation 
processes can involve a transient stage whereby the 
dispersed particles are connected in a continuous gel 
network. In a phase-inversion process this network 
eventually becomes the continuous phase of the colloid 
[20]. The network collapses because of the energy stored, 
as the elastic component forces the redistribution of the 
two phases of the colloid, which move under gravity with 
different velocities [19]. The slower-moving phase then 
separates from the faster-moving phase owing to this 
mobility difference. The idea of a structure-spanning 
network as an intermediate stage before the appearance 
of creaming seems to be a plausible explanation for the 
delay before the onset of creaming in depletion-floccu- 
lated emulsions [21]. The acoustical properties of this 
regime should be very different from the ones assumed by 
a continuous aqueous phase containing individual 
spherical entities made of flocculated droplets, which 
the structure will eventually break up into. The system 
starts off as a phase-inverted emulsion, with the aqueous 
phase clustered inside a sticky droplet network, as is 
expected for viscoelastic phase separation. 

On the basis of these observations, we can propose a 
mechanism to account for the behaviour of a system with 
a strong depletion interaction before the onset of 
creaming (Fig. 4). In the initial stage, a nonflocculated 
emulsion (I) builds, under the influence of the flocculant 

(II) , into a continuous gel-like network. The evolution of 
gel formation and gel breakup should be similar to the 
one presented by Tanaka [20] for a polymer solution. The 
transient particle gel should cover the entire volume of 
the container (II). Owing to differences in the mobility of 
the asymmetric mixture of the gel network and the 
trapped aqueous phase, the gel should gradually collapse 
on its own to give a continuous aqueous phase with 
polydisperse spherical-like floes which then cream fast 

(III) . 

We can propose two possible sources for the high 
attenuation of the initial stages of the life of the 
flocculated emulsion. Firstly, the sound absorption/ 
scattering from a structure-spanning elastic network of 
interconnected droplets (Fig. 4, II) should be entirely 
different from that of a continuous aqueous phase with 
dispersed floes, as described by our models. Enhanced 
attenuation can be attributed to the acoustical properties 
of the structure itself. As the structure collapses to its 
component floes, and creaming starts to manifest itself, 
the attenuation values drop. These values correspond to 
a system with floes dispersed into a continuous aqueous 
phase (Fig. 4, III). A second possible explanation is that 
the attenuation can be attributed to air bubbles which are 
trapped into the gel network and are released with 
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Fig. 4 Proposed schematic rep- 
resentation of the evolution of 
the transient gel formation and 
breakup during the precream- 
ing stages of the life of an 
emulsion 




subsequent lowering of attenuation as the structure- 
spanning network inverts to a floccnlated emulsion 
(Fig. 4, II, III). In either case, we can follow, directly 
or indirectly, the same evolving viscoelastic phase 
transition. We are currently working to understand 
which of the two mechanisms is the most plausible. 



Conclusions 

Ultrasonic velocity scanning has been used to monitor 
the delay in creaming of a series of model emulsions with 
increasing flocculation levels. Emulsions with stronger 
flocculation were found to exhibit significant delays in 
creaming. Precreaming changes in an emulsion can be 
detected as changes in attenuation. In flocculated 
emulsions, the very high initial attenuation values 



eventually change to low values before creaming starts 
to become manifest. The latter values correspond to a 
flocculated emulsion, while the initial high values should 
correspond to a gel network where water is trapped as 
isolated pockets. We can propose a mechanism to 
account for the delayed creaming in heavily flocculated 
emulsions. Initially an elastic network is formed. This 
structure rearranges itself with time, and the gel eventu- 
ally breaks up to individual floes. Further work is still 
needed to accurately model the attenuation of these 
particle gels. 
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Abstract We report an investigation 
of the microscopic structure and 
dynamics of biopolymer gels and 
relate them to the macroscopic 
viscoelastic properties of such 
systems. Biopolymer solutions and 
gels represent one of the most inter- 
esting class of gelling systems since 
they are of major industrial and 
scientific interest. We performed a 
systematic study using concentrated 
solutions of casein micelles which we 
destabilized and investigated during 
the process of gelation using diffus- 
ing wave spectroscopy (DWS) and 
rheological measurements. An anal- 
ysis of the light scattering data 
shows a significant increase in the 
characteristic decay time of the cor- 
relation functions during the sol-gel 



transition. For the analysis of the 
DWS data we developed an algo- 
rithm which, based on the so-called 
microrheology approach, determines 
the viscoelastic properties G'((o) and 
G"(a>) of the gel. A comparison of 
the results obtained with DWS and 
measurements with a rheometer 
shows excellent agreement of both 
approaches. We demonstrate that 
we can clearly link the changes 
observed in the microscopic dynam- 
ics to the formation of a macro- 
scopic gel with drastically modified 
viscoelastic properties. 



Key words Diffusing wave 
spectroscopy • Colloidal gels • 
Sol-gel transition • Casein micelles 



Introduction 

Acidified milk products such as yoghurt are popular and 
important food products. For such acid-induced gels the 
process variables (composition of the milk, gelation 
temperature, heat pretreatment, kind of acidification, 
etc.) have an enormous impact on the gel process as well 
as on the physical properties of the final gel. However, we 
currently lack clear understanding of the relationship 
between the microscopic structural dynamic properties 
of the macromolecular constitnents and the resulting 
macroscopic mechanical and rheological properties of 
the gel. In milk the main part of the proteins, the caseins, 
are organized into micelles, which are sterically stabilized 
by a layer or “brush” of K-casein molecules. The 
K-caseins extend their C-terminal part into the solution. 



causing the micelles to repel each other on close 
approach. A number of studies have demonstrated that 
the casein micelles have properties very similar to those 
of sterically stabilized hard-sphere suspensions [1-4]. To 
destabilize these micelles and to induce the gelation 
process one can either remove the stabilizing hairs 
enzymatically or acidify the milk. We followed the 
second route and used glucono-d-lactone (GDL), where 
the hydrolysis of GDL to gluconic acid shifts the pH to 
lower values. This leads to a “collapse” of the stabilizing 
brush, which now is no longer able to prevent aggrega- 
tion of the particles. 

In this work we focus on the gel formation of acidified 
fat-free and fat-containing milk which we followed by 
classical rheological oscillatory experiments as well as 
with diffusing wave spectroscopy (DWS). DWS is a quite 
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recent development in dynamic light scattering with 
turbid suspensions and allows in situ, nondisturbing 
monitoring of the whole process. It works in the limit of 
very strong multiple scattering, where a diffusion model 
can be used to describe the propagation of the light 
through the sample. Using a diffusion approximation it is 
possible to directly relate the correlation function of the 
scattered light to the average mean-square displacement 
(MSQD), (Ar^(r)), of the single scatterers in turbid 
suspensions [5-7]. An algorithm based on the optical 
microrheology approach [8] is furthermore used to 
calculate the frequency dependence of the storage and 
loss moduli from DWS data over more than 5 decades. 
These results are compared to G'((o) and G"{co) of the 
final gel obtained from classical rheological experiments. 



Materials and methods 

Materials and preparation 

For the fat-free milk, 10.45 g Nilac skimmed milk powder (NIZO, 
Ede, The Netherlands) was dispersed in 100 g deionized water at 
20 °C and stirred at 45 °C for 1 h using a magnetic stirrer, which 
leads to a protein solution with a concentration of 3.47% by weight. 
After adding 0.02 wt% sodium azide the solution was kept for 12 h 
at 4 °C. The sample was then allowed to equilibrate at 32 °C for 2 h 
before 1.1 wt% GDL was added in order to induce gelation. 

The fat-containing milk was prepared by mixing appropriate 
amounts of fat-free milk (Nilac milk with 5.87 wt% protein, same 
preparation procedure as previously) and full-fat milk (pasteurized 
full-fat milk from the supermarket containing 3.9 wt% fat and 
3.2 wt% protein), which results in milk containing 2 wt% fat and 
4.5 wt% protein. Prior to GDL addition (1.1 wt%) and subsequent 
measurements the fat-containing milk was heat-pretreated for 
10 min at 90 °C and then quickly cooled to 32 °C. 



Methods 

All the experiments were performed at a temperature of 32 °C. The 
rheological measurements for the fat-free milk were performed 
using a USD 200 rheometer (Paar Physica) with a double-gap 
Couette system. The time dependence was measured with a 
frequency of 10 Hz and an amplitude of 10%. The frequency 
sweep was performed with an amplitude of 1%. The time- 
dependent moduli for the fat-containing milk were determined 
with an MCR 300 rheometer from Paar Physica using a double-gap 
Couette system at 1 Hz and 1% amplitude. 

DWS experiments were performed with a solid-state laser (Verdi 
2 W, Coherent, 2 = 532 nm) with an expanded beam (d~l mm). 
After passing a rectangular cuvette the light was collected in 
transmission geometry with a single-mode fiber after a polarizer, 
which is perpendicular to the incident beam polarization. This 
ensures that only multiply scattered light is detected. Because of 
possible after-pulsing efiects of the detector the signal is split and 
fed into two photomultipliers (Hamamatsu). Finally, a digital 
correlator (ALV-5000E, ALV) performs a pseudo-cross-correlation 
measurement. The transport mean free path, I*, a measure for the 
sample turbidity, was obtained from a static transmission mea- 
surement relative to a sample of known /*. 

The pH measurements for the fat-containing milk were 
performed with a standard pH meter (PHM210, Radiometer 
Analytical, France). 



Results and discussion 

Typical DWS results from measurements on fat-free milk 
at different stages of the gelation process are shown in 
Fig. 1. The correlation functions g(r) - 1 are given 
in Fig. la and the corresponding MSQDs (Ar^(T)) are 
given in Fig. lb. The first measurement immediately after 
the addition of GDL (open circles) reflects the diffusion of 
the free, stabilized casein micelles. Initially, we then 
observe a faster decay of the correlation function, which 
corresponds to an increase of the diffusion coefficient 
(open triangles). This is due to a decrease in the particle 
size owing to the brush collapse and the decreasing 
voluminosity of the casein micelles caused by the addition 
of GDL. As the casein micelles are no longer stabilized, 
they then start to aggregate, which can be seen from the 
slowing of the particle diffusion owing to the formation of 
clusters. 





time T [s] 



Fig. 1 a Intensity autocorrelation functions § 2 ( 1 ) - 1 and b the 
corresponding mean square displacements, {hr\z)), for fat-free milk 
at different stages of the aggregation and gelation process. The open 
symbols correspond to times prior to the gel point and the filled 
symbols are measurements in the gel (symbols ordered with increasing 
time: open circles, open triangles, open diamonds, filled triangles, filled 
squares) 
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The particle dynamics in the stable milk as well as in 
the aggregating suspensions prior to the gel point (open 
symbols) exhibit the typical characteristics of free particle 
diffusion owing to Brownian motion. This is reflected by 
an almost exponential decay of the correlation functions 
and leads to a linear dependence of the MSQD on time 
(indicated by a line with slope 1 in Fig. lb). Flowever, at 
the gel point a quite dramatic change in the particle 
dynamics occurs, and the short-time behavior changes 
from Brownian to a subdiffusive motion (filled symbols). 
The MSQD is now well described by a stretched 
exponential. At short times this results in a power-law 
behavior {Ar^{T))~x'^ with an exponent p~Q.l (Fig. lb). 
Similar results have already been found in concentrated 
suspensions of almost monodisperse polystyrene spheres 
that undergo a sol-gel transition [9]. 

The same experiments were repeated for the fat- 
containing milk, and the results are summarized in 





time T [s] 

Fig. 2 a g2(f)-\ and b the corresponding (aF(t)) for fat-containing 
milk at different stages of the aggregation and gelation process. The 
open symbols correspond to times prior to the gel point and Ihe filled 
symbols are measurements in the gel (symbols ordered with increasing 
time: open cireles, open triangles, filled triangles, filled squares) 



Fig. 2. The correlation functions and the corresponding 
MSQDs are plotted at different times during the 
destabilization process from the stable milk to the final 
gel. In contrast to the fat-free milk, the initial increase 
in the casein micelle diffusion coefficient cannot be 
observed any more owing to the contribution from the 
additional population of fat droplets. However, we 
clearly observe the slowing of the average diffusion 
coefficient owing to cluster formation and the crossover 
of the particle dynamics at the gel point. This is again 
visible in the short-time behavior of {Ar^(x))~T^, where 
we also find a decrease in the exponent p from 1 for the 
stable milk (open symbols) to about 0.7 for the gel 
(filled symbols). 

In rheology it is common practice to define the gel 
point as the point where the elastic properties (repre- 
sented by the storage modulus G') dominate over the 
viscous properties (represented by the loss modulus G") 
[4]. A comparison between the time-resolved rheological 
measurements and the DWS experiments demonstrates 
that the qualitative change in microscopic particle 
dynamics indeed coincides with a dramatic change in 
the macroscopic viscoelastic properties of the samples at 
the gel point. This is shown in Figs. 3 and 4, where G' and 
G" measured at a single oscillation frequency and p 
obtained from DWS are plotted as a function of time. In 
the case of the fat-free milk (Fig. 3) we observe a steep 
increase in G' approximately 5.8 h after GDL addition, 
indicating the transition from a sol to a gel (Fig. 3a). 
Figure 3b shows that at the same time p drops from 1 to 
about 0.7. 

The results obtained for fat-containing milk are 
plotted in Fig. 4, and they qualitatively show the same 
feature. However, owing to heat-pretreatment the gel 
point is located at an earlier time. Moreover, the 
resulting values of G' are significantly higher when 
compared to the fat-free milk, and the sol-gel transition 
appears to be broader. This is visible in the time 
evolution of G' and G" (Fig. 4a) as well as of p (Fig. 4b). 
We currently lack a detailed and quantitative under- 
standing of the effects of particle polydispersity on the 
sol-gel transition in attractive particle suspensions. 
Moreover, it is clear that the fat droplets may experience 
a different interaction potential than the casein micelles 
and are possibly playing the role of a “filler” particle. 
Nevertheless our results clearly demonstrate that the sol- 
gel transition in fat-containing milk exhibits the same 
similarities in the link between microscopic dynamics and 
macroscopic elastic properties as the much simpler model 
systems latex suspensions and fat-free milk. 

Recently it has been demonstrated that one can 
extract the viscoelastic properties of complex fluids from 
DWS measurements by relating the time evolution of the 
MSQD to the frequency-dependent elastic and viscous 
moduli of the medium [8]. By describing the motion of a 
scattering particle in a viscoelastic medium in terms of a 
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time [h] 



Fig. 3 Comparison of results from classical rheology and diffusing 
wave spectroscopy (DWS) during the yoghurt-making process in fat- 
free milk, a Time evolution of the storage modulus, G'{t), {big gray 
circles) and the loss modulus, G"(t), {small black triangles) obtained 
from an oscillating rheological measurement (10 Hz, 10% amplitude), 
b Time evolution of the exponent p obtained from DWS. The 
enormous increase in G' and the drop in the exponent coincide {dashed 
tine) and indicate a link between microscopic particle dynamics and 
macroscopic sol-gel transition and viscoelastic properties 



generalized Langevin equation with a memory function 
the time evolution of the MSQD can be related to the 
frequency-dependent storage, G'(oj), and loss, G"(®), 
moduli of the medium. As the “probe particles” used in 
DWS have colloidal dimensions, the accessible range of 
frequencies extends to much higher values and can be as 
large as 10“^ rad/s<co<10^ rad/s. Moreover, this tech- 
nique ensures that the true equilibrium module is 
measured as the method intrinsically relies on thermal 
fluctuations only. The results from a corresponding 
analysis of the time dependence of (Ar^(T)) of the final 
gel of fat-free milk are plotted in Fig. 5 together with 
G'{m) and G"(m) obtained from a classical rheological 
frequency sweep. We observe quite good agreement 
between optical and mechanical measurements. At low 
frequencies G' dominates, reflecting the solidlike behav- 
ior of the system. At high frequencies G" dominates G'. 
The crossover (fo=4,500 Hz) reflects the change in the 




G'.G" 

(Pa) 



pH 




Fig. 4 Comparison of results from classical rheology and DWS 
during the yoghurt-making process in fat-containing milk, a Time 
evolution of G'(t) {big gray circles) and G"{t) {small black triangles) 
obtained from an oscillating rheological measurement (1 Hz, 1% 
amplitude), b Time evolution of the exponent p obtained from DWS. 
Also shown is the pH of the milk which was followed simultaneously 
during the entire process {open diamonds in a) 




frequency [Hz] 



Fig. 5 Comparison of the frequency-dependent shear moduli in the 
final gel of fat-free milk obtained from classical rheological 
measurements with a double-gap Couette system {G', open triangles; 
G", open circles) and DWS {G\ filled triangles; G", filled circles) using 
the optical microrheology approach 

excitations of the network. At frequencies lower than /o 
the full network responds, while at higher frequencies the 
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shear moduli reflect the single particle rather than the 
network response. We are currently performing a sys- 
tematic investigation on the applicability of the micro- 
rheology approach to gelled milk samples at different 
times, where we compare the frequency dependence of G' 
and G" measured with a classical rheometer with the 
results from optical rheology. 



Conclusion 

Our results clearly demonstrate the existence of a link 
between the local short-time particle dynamics measured 
with DWS and the macroscopic viscoelastic properties of 
particle gels in milk and colloidal model suspensions. 
Moreover, we have been able to show that the optical 



microrheology approach can be extended to complex 
food systems such as the yoghurt-making process in fat- 
free milk. The enormous frequency range over which 
rheological data can be obtained by optical methods is 
shown in Fig. 5. This is even more remarkable when 
looking at the relatively short duration of an individual 
DWS measurement, which can be as short as 120 s. 
Moreover, it is important to point out that these 
measurements are completely noninvasive, and thus 
ideally suited to investigate systems that undergo a sol- 
gel transition and/or weak gels. 
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Abstract The influence of tempera- 
ture on the kinetics of aggregation of 
poly(ethylene oxide) coated latex 
particles induced by adding appro- 
priate amount of simple electrolyte 
has been investigated by means of 
dynamic light scattering measure- 
ments. The hydrodynamic radius of 
the resulting aggregates markedly 
depends on the molecular weight of 
the polymer adsorbed on the 
polystyrene particle surface. We 
investigated the influence of 
poly(ethylene oxide) of three 



different molecular weights (from 8 
to 5 X 10^ kD) in the temperature 
interval from 10 to 50 °C. A bridg- 
ing mechanism has been suggested 
as responsible, at an intermediate 
surface coverage, for enhancing the 
aggregation rate. The influence of 
the polymer solubility in this process 
is briefly discussed. 

Key words Latex suspensions • 
Aggregation • Dynamic light 
scattering • Poly(ethylene oxide) 
adsorption 



Introduction 

In our previous work [I], we investigated the effect of the 
addition of a water-soluble polymer, namely poly(ethyl- 
ene oxide) (PEO) of different molecular weights, on the 
stability of a dilute polystyrene suspension, whose 
aggregation was induced by adding appropriate amounts 
of uni-univalent electrolyte solution [2-4]. 

It is well known that when polymers are added to a 
colloidal suspension, the resulting stability of the whole 
system can be greatly modified as a consequence of a 
bridging flocculation effect, i.e., when coadsorption of a 
polymer chain originally on one particle onto a second 
particle occurs. This effect, resulting in a reduction in the 
magnitude of the interparticle electrostatic repulsion, 
enhances the rate of successful encounters between 
particles and produces an aggregation process with the 
formation of clusters of increasing size. In fact, in the 
salt-induced aggregation of a charge-stabilized polysty- 
rene suspension [5], the addition of appropriate amounts 
of simple salt reduces the electrical double-layer thick- 
ness around each colloidal particle with a decrease in the 
height of the repulsive energy barrier between two 



approaching particles, leading to diffusion-induced rapid 
aggregation (diffusion-limited cluster aggregation, 
DLCA). 

The polymer adsorption on the colloidal particle 
surface (even at low surface coverage) modifies the 
structure of the double layer, since latex particles, 
carrying terminally anchored polymer chains, allow 
polymer bridging to occur, resulting in considerable 
enhancement of the flocculation (or coagulation) rate [6- 
8]. It was also found that, depending on the polymer 
molecular weight, the polymer adsorption may diminish 
the coagulation rate [9], yielding a sterically stabilized 
dispersion when the bridging effect is hindered by 
complete polymer coverage. 

These two concomitant effects produce a very com- 
plex phenomenology, being further complicated by 
varying the temperature below or above the 6 temper- 
ature, which establishes the polymer solubility in the 
aqueous solvent. 

In this note, we extend our previous investigation on 
the PEO-coated latex particle aggregation induced by salt 
addition [1], by varying the temperature of the system 
from 10 to 50 °C, to cross the temperature which divides 
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the temperature range into poor {T < 6) and good 
(T > 6) regions, corresponding to poor solvent and good 
solvent, respectively. For the systems under investigation 
the 6 temperature is approximately 42 °C [10]. The 6 
temperature affects the attractive forces between colloidal 
particles, both those due to polymer-polymer (segment- 
segment) attraction and those due to bridging attraction. 
As one goes from poor solvent (T < 6) to good solvent 
(T > 6), the polymer— polymer interaction vanishes and 
repulsive forces dominate, yielding latex stabilization. 
Conversely, depending on the percentage of the surface 
coverage, for temperatures above the 6 temperature, the 
formation of bridges enhances particle-particle attrac- 
tion, producing a latex destabilization. In this picture, the 
6 temperature plays a key role in the stability of colloidal 
dispersions (known as electrosteric stabilization) where 
electrostatic effects as well as those arising from the 
nature of the adsorbed polymer layer are present. 

In this work, we analyze, by means of a dynamic light 
scattering technique, the time evolution of the hydrody- 
namic radius of the clusters formed from the aggregation 
of PEO-coated polystyrene particles, induced by NaCl 
electrolyte solution, at different temperatures from 10 to 
50 °C. Monodisperse polystyrene latex particles were 
chosen as a model hydrophobic surface, providing an 
ideal surface for the study of the change in hydrodynamic 
radius upon cluster adsorption. The effect of the 9 
temperature on the stabilization of the latex dispersion is 
briefly discussed. 



Experimental 

Materials 

Polystyrene latex dispersions were commercially available products 
from Dow Chemical Co, and were used without further purifica- 
tion. The mean diameter of the latex particles employed, 
as determined by light scattering methods, was (910 ± 20) A. 
Each particle is negatively charged with a surface charge density of 
about 3 fiC/cm^. Three (PEO) samples with nominal molecular 
mass 8 kD, 200 kD, and 5 MD were used as received. These were 
supplied by Sigma Chemical Co. The adsorption experiments were 
carried out by mixing the latex suspension (with a volume fraction 
of <J) = 2xlO~^, corresponding to a solid content of about 
2 X 5“^ g/ml) with the polymer solution at the appropriate polymer 
concentration. The suspension was allowed to equilibrate for 5 h. 

Polymer adsorption 

In order to give the PEO concentration with respect to the latex 
content, we used an index (P/T) defined as the ratio of the mass of 
the polymer added to the suspension per unit volume to the 
fractional volume of the latex suspension. This index (with 
dimension of grams per milliliter when multiplied by the volume 
of the single latex particle equals the mass of PEO polymer per 
latex particle. In the present study, we investigated PEO-coated 
latex suspensions by varying PjL from 0 to 10, corresponding to 
values of polymer mass from 0 to 4 x 10^'^ g/particle. The amount 
of polymer adsorbed as a function of the equilibrium polymer 
concentration in the aqueous phase was measured by means of an 



isothermal titration microcalorimetry technique. The details are 
given elsewhere [1]. For example, for^ polymer of molecular mass 
M„ = 200 kD and a particle of 1920 A in diameter, the saturation 
in the surface particle coverage occurs at a polymer concentration 
of about 0.9 g/1, corresponding to a polymer concentration of 
about 5.5 mg/m^ and to a ratio PjL of about 0.2. For the polymer 
concentration employed (P/T from 0 to 10), the maximum in the 
particle coverage is reached for all the systems investigated and, in 
some cases, largely exceeded. 

Dynamic light scattering measurements 

The hydrodynamic radius of the diffusing clusters was measured by 
means of a standard dynamic light scattering experiment. The 
average decay rate, related to the hydrodynamic radius of 
the diffusing particles, is calculated from the initial slope of the 
intensity autocorrelation function, 62(1), expanded in terms of 
cumulants. Owing to the low polymer concentration, no correction 
was made for the viscosity of the PEO solution, assumed to be that 
of water at the temperature of the experiment. The details of the 
dynamic light scattering measurements are given elsewhere [1]. 



Results and discussion 

In all the systems investigated, the electrostatic aggrega- 
tion process takes place in the presence of 0.4 M NaCl 
electrolyte solution, causing the reduction (or the elim- 
ination) of the electrostatic repulsion between latex 
particles. Under these experimental conditions, the 
adsorption of PEO chains on the particle surface, 
depending on the polymer molecular weight, causes 
different aggregation behaviour, which can be summa- 
rized as follows: 

1. At low molecular mass (Mw=8 kD) (Eig. 1), the 
increase in the hydrodynamic radius owing to the 
polymer adsorption is small for all the values of 




Fig. 1 The time evolution of the hydrodynamic radius of poly(eth- 
ylene oxide) (PEO)-coated latex particles at different temperatures. 
open symbols’, in presence of PEO of molecular weight 8 kD, with 
PjL = 10; (Open squares): 10 °C; (open cireles): 30 °C; (open triangles): 
50 °C. Filled circles: in the absence of PEO, at temperature of 50 °C. 
The aggregation is induced by 0.4 M NaCl electrolyte solution 
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the parameter PjL we investigated (up to PjL — 10). The 
salt-induced aggregation proceeds very quickly, reaching 
a steady-state within times of the order of some tens of 
minutes. The increase in the temperature from 10 to 
50 °C does not alfect the dynamics of the aggregation 
and no marked elfect is evidenced by crossing the 6 
temperature. In this case, in the coverage saturation 
condition (P/L — 10), the bridging mechanism, if it exists, 
should be negligible and only the reduction of the 
electrostatic repulsion dominates the aggregation. 

2. At intermediate molecular mass (M„ = 200 kD) 
(Figs. 2, 3), the PEO adsorption causes an increase in the 




100 ' - - - I I I - I 

0 200 400 600 800 1000 1200 

Time [min] 

Fig. 2 The time evolution of the hydrodynamic radius of PEO-coated 
latex particles at different temperatures in the presence of 0.4 M NaCl 
electrolyte solution. The PEO molecular weight is 200 kD and 
P/L = 10. 10 °C {triangles)', 50 °C {circles) 




Fig. 3 The time evolution of the hydrodynamic radius of PEO-coated 
latex particles at different temperatures in the presence of 0.4 M NaCl 
electrolyte solution. The PEO molecular weight is 200 kD and 
P/L= 1. 10 °C {squares)', 30 °C {down triangles)', 40 °C {up triangles)', 
50 °C {circles) 



hydrodynamic radius of the order of 15-20% and the 
salt-induced aggregation strongly depends on the 
fraction of polymer coverage. For high values of PjL 
{PIL= 10) (Fig. 2) the polymer adsorption produces a 
marked stabilization of the latex suspension. The hydro- 
dynamic radius of the resulting aggregates maintains a 
constant value over the whole time interval investigated 
(up to 1000 min) at low temperature (10 °C) and a 
somewhat higher value at higher temperature (50 °C). In 
this case, a steric stabilization occurs and the effect of the 
temperature increase produces only a small increment in 
the average size of the aggregates. Very different 
behavior is evidenced at a lower PjL value {PjL—\) 
(Fig. 3), where the partial coverage of the particle surface 
produces a marked temperature-dependent aggregation. 
There is a progressive enhancement of the cluster 
formation as the temperature is increased, with a 
dramatic increase at temperatures higher than the 6 
temperature. 

3. Finally, at higher molecular mass (Mw= 5000 kD), 
after the initial increase owing to the adsorbed polymer, 
the hydrodynamic radius undergoes a very small in- 
crease, roughly temperature-independent. This behavior 
appears even for low polymer concentration (PjL — O.l) 
(Fig. 4), although, in this case there is an evident effect (a 
rate enhancement) due to temperature. With polymer of 
high molecular mass, the latex suspension becomes stable 
by the effect of steric hindrance, owing to repulsion of 
loops and tails of the adsorbed polymers. At high 
molecular mass, the polymer flattening on the particle 
surface makes the bridging mechanism inefficient. Fol- 
lowing the Flory-Huggins theory for polymers in 
solution [11], the free energy, AG, associated with two 
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I [rain] 



Fig. 4 The time evolution of the hydrodynamic radius of PEO-coated 
latex particles at different temperatures in the presence of 0.4 M NaCl 
electrolyte solution. The PEO molecular weight is 5 MD and 
P/L = 0A. 10 °C {down triangles)', 20 °C {up triangles)', 30 °C {squares); 
40 °C {circles); 50 °C {diamonds) 
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approaching particles covered with an adsorbed polymer 
(in analogy with polymers in the limit of oo) can 

be written as 

where V\ is the volume of the lens-shaped region formed 
during the particle overlapping, and Kp are the partial 
molar volumes of the water and of the polymer in the 
domain of the polymer-coated particle, whose volume is 
Kd, while 'F takes into account the entropy change in the 
process. 0 is the “theta” temperature, i.e., the tempera- 
ture at which the solution behaves as an ideal solution. 
Equation (1) defines two different behaviors, below the 0 
temperature, where AG < 0 implies polymer-polymer 
aggregation, and above the 0 temperature, where 
AG > 0 implies that the overlapping is opposed and 
the system undergoes entropic stabilization. According 
to this model, we expected that with an increase in 
temperature, the aggregation kinetics was become slower 
and the suspensions stabler. This behavior is contradict- 
ed by the experimental findings and this means that an 
additional aggregation process is present. In the case of 
PEO M„= 5 MD, with a partial coverage {PjL— 1) we 
observe a reaction-limited cluster aggregation (RLCA) 



regime from 10 °C, when the system is stable, to a 
temperature of 50 °C, where the aggregation proceedes 
with a progressively increasing rate. Owing to the partial 
polymer coverage, the bridging process must be invoked. 
Moreover, the presence of an adsorbed layer at the 
particle interface ensures that no desorption process 
induced by temperature takes place. 

At higher coverage {PjL= 1), the bridging effect is 
reduced and the temperature-dependent effect complete- 
ly balanced by the steric stabilization. 

With PEO of lower molecular mass, (M„ = 200 kD) 
and with partial coverage (P/L=l) the aggregation 
regime is strongly dependent on temperature, continu- 
ously varying from a RLCA regime at 10 °C to a DLCA 
regime at 50 °C. In particular, the change in the 
aggregation regime occurs between 40 and 50 °C, close 
to the 0 temperature (42 °C). Also in this case, the 
aggregation must be imputed to the bridging process. 

Einally, when the coverage is greater (P/L= 10), a 
substantial stable system is observed. 

With PEO of molecular mass = 8 kD, the aggre- 
gation kinetics is fast for all the temperatures investigated 
and does not appreciably deviate from that occurring in 
the suspension with PjL — O. It must be noted, however, 
that, within the experimental uncertainty, the thickness 
of the adsorbed layer is very small. 
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Abstract We report the synthesis 
and the properties of a new class of 
monobactams containing a triazole 
ring, that are both bio- and surface- 
active materials. A standard proce- 
dure for /i-lactam synthesis from 
fatty amines, aminoacid, and 2,2- 
bis(hydroxymethylpropionic acid), 
involves an intramolecular reaction. 
After introduction of an azido 
group, the reaction with acetylenic 
derivatives leads to a triazole ring. 
The critical micelle concentrations of 
aqueous solutions have been deter- 
mined; antibiotic and antiviral ac- 
tivities have been evaluated. 



Key words /1-Lactam • Bioactive 
surfactant • Triazole • 

Antibiotic • Antiviral activity 



Introduction 

The discovery of nocardicine A by Aoki et al. [1] and 
aztreonam (Scheme 1) showed that monocyclic /1-lac- 
tams, collectively known as monobactams, can have 
antibiotic activity. This activity is poor but is compen- 
sated by the unique effect they can induce on certain 
microbial cell membranes [1, 2]. 

Surfactants have a great importance in numerous 
biological processes. For example, a correlation between 
biological properties, surface properties, and molecular 
structure has been found; however, little is known about 
this tridimensional relation. Our quest for new noncon- 
ventional surfactants for various biomedical applications 



led us to synthesize bioactive compounds with structures 
similar to nocardicins [3-5]. 

We present here the preparation and the study of 
original trimodular biosurfactants of type I (Scheme 
2). 

These compounds present a hydrophobic part intro- 
duced by an ester or amide linkage with an aminoacid, a 
junction modulus which corresponds to /i-lactam, and a 
hydrophilic part which contains a triazole. Effectively, 
triazole derivatives have been reported to have pharma- 
cological activity as anti-/i-lactamase, bactericides, and 
viricides [6, 7, 8, 9]. 

In view of this fact and with the hope of developing 
bioactive compounds with high potency, a series of novel 
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Scheme 1 Structures of two 
examples of monobactams 
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Activation by ATDP salts followed by treatment with 
sodium azide and refluxing in toluene gives the azido 
compound 6. The reaction with acetylenic derivatives 
allows the surfactants 7 to be obtained [11] (Scheme 4). 
The results are presented in Table 1. 



Hydropkfbic part Junction modulus Hydrophilic part 

j Physicochemical properties 



Scheme 2 Target structures 



surfactants were synthesized. Triazole might be expected 
to enhance the biological activity of these compounds. 



Synthesis 

The compounds were synthesized from 2-hydroxymeth- 
yl-2-methylpropionic acid in five steps. Selective activa- 
tion of one of the primary hydroxyl groups was 
accomplished by the formation of alkoxy tris(dimethyla- 
mino)phosphonium (ATDP) salts (3) from the corre- 
sponding diol [10]. 

Treatment of 3 with excess potassium carbonate in 
refluxing anhydrous acetone yields the monobactams (4) 
(Scheme 3). 



Scheme 3 Synthesis of monobactams 



The surfactant properties of the aqueous solutions were 
evaluated by surface tension measurement (y) carried out 
using the Wilhelmy method (Dognon-Abribat tensio- 
meter). 

We studied the behavior of aqueous solutions of 
compounds 8, the precursors 7 being insoluble in water 

(Fig. 1). 

Compounds 8a and 8b reduce the surface tension (jsat) 
of water from 72 to about 30 mNm“'. The solubility in 
water was sufficient to obtain a y versus logc plot that was 
used to determine their critical micelle concentration 
(cmc). At room temperature 8a and 8b have cmc of 2- 1 
and 5T0~^ moll”*, respectively. 



Antiviral activity 

The presence of an azido group on these structures 
incited us to determine the potential antiviral activity. 
We used the Elisa test on human (fibroblastic) cells 
(MRC-5) and human cytomegalovirus (CMV) (Table 2). 
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Table 1 Synthesis of azido compounds and the triazole ring 



Compound n 


X 


r' 


Yield (%) 


6a 


9 


0 


— 


90 


6b 


13 


0 


- 


92 


6c 


9 


NH 


- 


90 


7a 


9 


0 


H 


92 


7b 


13 


0 


H 


96 


7c 


9 


NH 


H 


85 


7d 


9 


0 


CH3 


70 


7e 


13 


0 


CH3 


75 



The determination of the therapeutic index showed 
that these products are interesting and we have to 
continue this investigation. 



Antibacterial activity 

The antibiotic activity on the basis to the minimum 
inhibitory concentration of some of the compounds was 
tested on different strains of gram-positive and gram- 
negative bacteria. 

The antibacterial activity was evaluated for com- 
pounds which contain monobactams and 





-7 -6 -5 -4 -3 2 -1 0 

Logic) mol/L 



Fig. 1 Plot of y versus log c of compound 8 



- A hydroxyl group [compounds 4 noted CjcO/i(OH)]. 

- An azido group [compounds 6 noted CxOP(N^)]. 

- A triazole ring and a carboxylic group [compounds 7 
noted Q0;ST(H2)]. 

- A triazole ring and a carboxylate group [compounds 8 
noted CjcO/i(Na2)]. 



The results are summarized in Table 3 with ampicillin as 
a reference. 

All the compounds examined had antibiotic activity. 
Higher activity is obtained with compounds which 
contain an azido group or a triazole ring. 
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Table 2 Evaluation ol antiviral 
activity. Cl: inhibitory con- 
centration; CL: cytotoxycity 


Compound 


Solubility in 
water (molP') 


Concentrations 
(for ELISA and 
MTT tests) (tiM) 


CIso 

(mM) 


CL 50 

(/iM) 


Therapeutic 

index 




Ci6Ni?(N3) 


< 10-8 


0.25-83 


0.85 


83 


0.01 




CsO/i(N3) 


< 10-6 


1-512 


104 


>500 


0.2 




Ci„0/((N3) 


< 10-6 


1-512 


4.5 


230 


0.02 




Ci,,Ni3(N3) 


< lO^*” 


0-2,048 


180 


225 


0.8 




C,8:lO/i(N3) 


< lO^*” 


0-2,048 


>256 


1,050 


- 




C, 8 :lO/i(OH) 


< lO^*” 


0-2,048 


100 


313 


0.3 



Table 3 Evaluation of antibacterial activity (minimum inhibitory concentration in mg/1) 




c,o 

/i(N3) 


CsO 

/f(N3) 


C 12 O 

/f(N3) 


C 16 O 

/f(N3) 


Ci„N 

«N3) 


Ci()N 

i?(T)H2 


CiqN 

/((T)Na2 


c,o 

P(OH) 


CsN 

P(OH) 


c,o 

P(OH) 


Ampicillin 


Bacillus cereus ATCC 


16 


32 


- 


16 


8 


64 


32 


32 


128 


128 


8 


Bacillus subtilis 


>256 


16 


>256 


> 128 


8 


32 


16 


32 


- 


128 


16 


Bacillus pumillus 


- 


64 


- 


> 128 


32 


16 


32 


16 


- 


- 


- 


Staphylococcus aureus 


16 


4 


4 


8 


64 


32 


64 


64 


>128 


64 


32 


Staphylococcus epidermidis 


- 


- 


>256 


- 


- 


- 


- 


- 


>128 


64 


64 


Streptoccocus faecalis 


- 


128 


- 


4 


- 


- 


16 


- 


>128 


> 128 


128 


Proteus mirabilis 


256 


64 


256 


64 


128 


64 


64 


64 


- 


- 


- 


Escherichia coli 


8 


4 


4 


32 


64 


64 


32 


16 


>128 


128 


> 128 


Pseudomonas aeruginosa 


256 


64 


64 


64 


64 


64 


64 


64 


>128 


128 


>256 


Bordetella bronchiseptica 


- 


- 


- 


- 


- 


- 


- 


- 


- 


128 


> 128 


Enterobacter aero genes 


8 


8 


8 


8 


- 


- 


- 


- 


- 


- 


128 


Salmonella thiphimurium 


4 


4 


8 


8 


- 


- 


- 


- 


- 


- 


0.25 


Candida albicans 


- 


- 


- 


- 


- 


- 


- 


64 


>128 


128 


64 


Candida rugosa 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


Candida lipolitica 


- 


32 


- 


8 


8 


32 


16 


32 


- 


- 


- 


Candida tropicalis 


- 


128 


- 


4 


- 


- 


16 


8 


- 


- 


- 


Microccocus luteus 


8 


8 


8 


8 


- 


- 


- 


- 


- 


- 


0.5 



Conclusion 

We established a simple and efficient procedure for 
the synthesis of molecules containing /i-lactam and 
triazole rings and showed that these compounds have 
surfactant properties since they lowered the interfacial 
tension of water from 72 to about 30 mNm“'. All 
the synthetic /1-lactams had a significant and selective 



antibiotic activity; compounds which contain a triaz- 
ole ring present higher activity probably because of 
their anti-/l-lactamase rule. Moreover, the results 
obtained with the test of antiviral activity are 
promising. 
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Abstract Hydrophilic matrices or 
hydrocolloids are polymers which 
swell on contact with aqueous solu- 
tions and dissolve slowly from the 
surface forming a gel mass. Several 
studies have been carried out in the 
past few years on the use of hydro- 
colloids in controlled release formu- 
lations. The present study used three 
modified celluloses, carboxymethyl 
cellulose sodium, hydroxyethyl cel- 
lulose (HEC), and hydroxypro- 
pylmethyl cellulose (HPMC) in 
systems using the dihydropyridine 
felodipine, which is slightly soluble 
in water, as the active ingredient. 
This study was concerned with solid 
dispersions, which were prepared 
following the dissolution method 
using a common solvent. The drug- 
polymer interactions were studied 
using differential scanning calorime- 
try and IR techniques, as well as 



high-performance liquid chromato- 
graphic purity after storage in 
strength conditions. Neither signifi- 
cant interactions nor degradation of 
the active ingredient was observed 
after storage at 40 °C for 3 months. 
In addition, felodipine release from 
the solid dispersion systems was 
studied and the factors influencing 
release, such as the drug-polymer 
ratio, interactions, and polymer 
properties were investigated. HPMC 
was observed to promote a more 
significant retard and a more linear 
release of the active ingredient than 
HEC. Finally, the natural mixtures 
presented a larger variation and high 
relative standard deviation values. 

Key words Hydrocolloids • 
Hydrophilic matrices • Felodipine • 
Solid dispersion systems • 

Controlled release 



Introduction 

Generally, dihydropyridines are insoluble in water, and 
for this reason several studies [1] have been carried out in 
the past few years aimed at the optimization of their 
bioavailability via different systems and carriers. Felod- 
ipine [2] is a dihydropyridine whose pharmacokinetic 
parameters [3-5] advocate the development of an ex- 
tended release formulation. It is well established that the 
most critical parameter of bioavailability in an insoluble 
compound is its dissolution rate. 

In this study, three hydrophilic matrices, carboxym- 
ethyl cellulose sodium (CMCS), hydroxyethyl cellulose 
(HEC), and hydroxypropylmethyl cellulose (HPMC), in 



the form of solid dispersions with felodipine (FF) as the 
active ingredient were studied. Interactions, compatibil- 
ities, and incompatibilities as well as the release profile of 
the active ingredient in these systems were studied. 

Solid dispersions were prepared by applying the 
dissolution method [6, 7] using absolute ethanol and 
purified water as the solvents, which can legally be used 
in the manufacture of pharmaceuticals. 

The selection of the three carriers was based on the 
characteristic property of hydrocolloids to expand in 
aqueous solutions, forming a gel mass on the external 
surface, which dissolves gradually [8, 9]; therefore, the 
development of a homogenic system of the active 
ingredient with the hydrocolloid is expected to result in 



150 



a gradual dissolution of the active ingredient, following 
the dissolution rate of the polymer. Simultaneously, the 
sparse distribution of the active ingredient in the 
polymeric mass may promote the dissolution rate 
independently crystalline form and particle size of the 
active ingredient. 

The aims of this study were, firstly, to present the 
release profile of FL from solid dispersion systems 
containing the three hydrocolloids and, secondly, to 
investigate the interactions, compatibilities, and incom- 
patibilities of these systems. 



Experimental 

Materials 

FL with 99.9% of active ingredient was supplied by Medichem. 
HPMC with a viscosity of 4,000 cps was supplied by Colorcon. 
HEC was supplied by Hercules and had a viscosity of 1%, 2,000 
cps, whilst CMCS was supplied by Akzo. All other reagents were of 
pro analyst grade, whilst all the experiments were carried out under 
low light so as to prevent light degradation of FL. 



Preparation of the systems 

Solid dispersion systems of 50:50, 75:25, and 90:10 FL-polymer 
ratios were prepared as follows. The polymer was distributed in 
equal quantities of water until a colloidal dispersion was formed, 
and an equal quantity of absolute ethanol was added to each 
dispersion. The relative quantities of FL were added after having 
been diluted in absolute ethanol. The dispersions were mixed, 
exposed to ultrasonication, and then heated to 40 °C for 48 h until 
the solvent was fully evaporated. After drying, the solid dispersions 
were pulverized. It must be noted that CMCS precipitates with 
ethanol, and for this reason only the 50:50 solid dispersion system 
was prepared. In addition, for comparison purposes, 50:50 natural 
mixtures were prepared by simple mixing of the active ingredient 
and the polymers. All the systems were assayed before use, using 
the reverse-phase high-performance liquid chromatography 
(RP-HPLC) method at 237 nm. 



Interactions and compatibilities 

Differential scanning calorimetry (DSC) and Fourier transform 
(FT) IR methods were employed for the study of interactions 
using a Shimadzu DSC-50Q fast quenching differential scanning 
calorimeter, with a heating rate of 20 °C/min and a Biorad FTS- 
45A FT IR spectrometer. The compatibility between the polymer 
and the active ingredient was investigated by comparing the 
chromatographic purity of the systems with those of the active 
ingredient using RP-HPLC at 237 nm after storage at 40 °C for 
3 months. 



Release profiles 

A modified dissolution apparatus II USP using a stationary disc 
(paddle over disc) at 100 rpm, 500 ml 0.1 M phosphate buffer 
pH 6.5, and containing 2% Tween was used [10, 11]. Sampling 
was carried out at every hour, whilst the percentage of active 
ingredient release was measured using the UV spectrum at 
237 nm. 



Results and discussion 

Interactions, compatibilities, and incompatibilities 

The polymers used in this study are cellulose compounds 
which are of particular interest for the manufacture of 
oral pharmaceutical dosage forms. It has been shown 
several times that dissolution or, in general, the beha- 
viour of certain active ingredients may be altered by 
interactions with excipients [12, 13]. Cellulose com- 
pounds used as excipients contain hydroxyl groups, 
which may possibly form hydrogen bonds with the 
carbonyl groups of FL as well as with aromatic ring 
chlorides. In order to confirm such bonding, the solid 
dispersions prepared were investigated using DSC, used 
specifically for the investigation of this phenomenon [14]. 
An indicative thermogram is presented in Fig. 1. 

FL was shown to possess a melting point of 150 °C, 
whilst the cellulose excipients presented a broad endo- 
thermic peak, the maximum of which was unstable. The 
maximum of HEC was approximately 123 °C, that of 
HPMC was 105 °C, whilst that of CMCS was 132 °C. 
This broad peak does not characterize the melting point 
of the compounds, but loss of adsorbed water, since, due 
to their strong hydrophilic nature, large quantities of 
moisture are absorbed, which are difficult to remove. 
This observation was corroborated by the study of the 
pure compounds using thermogravimetric analysis, 
which confirmed a loss of mass in this region. This peak 
was also noted, albeit distinctively weaker, in the 
compound mixture, owing to the loss of moisture during 
drying of the samples, and presented a maximum at 
slightly lower temperatures. In addition, the FL peak was 
seen at a maximum of 147 °C. The difference was too 
small to confirm interactions with the excipients. For this 




Temperature (°C) 

Fig. 1 Differential scanning calorimetry thermogram of pure felo- 
dipine (FL), pure hydroxypropylmethyl cellulose (HPMC), and 50:50 
HPMC-FL solid dispersion 
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reason, the mixtures were additionally studied using 
spectroscopy. FL produced intense peaks, characteristi- 
cally those at 3,373 cm“^ of the secondary amino groups 
(>NH) and at 1,689 and 1,698 cm“^ of the esteric 
carbonyls, which, owing to resonance, were at shorter 
wavelengths than expected. For the cellulose compounds 
characteristic absorbencies of the >C-0 group in the 
finger print region (1,000-1,200 cm“') appeared as a 
triple peak. No significant shift in the peak absorbencies 
of the mixtures or in the relevant carbonyl groups of FL 
was observed. It was therefore concluded that no 
significant interactions between excipients and the active 
ingredient occur during the manufacture of the tablets. 

The chromatographic purity of all the samples 
remained unchanged after storage at 40 °C for 3 months. 
No increase in the peaks that could be attributed to 
impurities or degradation products was observed. 

These results indicate that the three polymers do not 
present chemical incompatibilities or strong interactions 
with the active ingredient, and as a result are considered to 
be suitable as carriers of solid dispersion systems with FL. 



Release profiles 

Attention was focused on the HEC and HPMC polymer 
systems. For the investigation of the effect of the drug- 
polymer ratio on the rate of release of the active 
ingredient the mean dissolution time (MDT) values were 
studied. The MDT is defined as the time required for 
50% of the active ingredient to be released from the 
dosage form and indicates the reduction in the release 
rate of the active ingredient, as caused by the carriers. A 
comparison of drug release presented by the carriers 
HEC and HPMC was carried out with a direct compar- 
ison of the release diagrams. 

All the solid dispersion systems showed homogeneity 
in release between the different units, with relative 
standard deviation (RSD) values smaller than 5%. This 
did not occur with the natural mixtures, probably 
because of the different placement of powders in the 
capsule and the diphasic property of the systems. It is 
therefore concluded that the natural mixtures are of 
interest only when tabletting by compression is carried 
out. 

As the 50:50 systems promote rapid drug release 
(MDT 0.7 h for HPMC, 1.5 h for HEC), which does not 
satisfy the pharmacokinetic requirements of EE, interest 
was thus focused on the systems containing HPMC and 
HEC with polymer-drug ratios 75:25 and 90:10. The EL 
release from the 75:25 solid dispersions for a period of 
4 h is presented in Eig. 2. Approximately 70% of the 
active ingredient was released from both systems. The 
HEC solid dispersion system gave a rapider drug release 
at initial times, with a MDT value of 1.8 as opposed to 
2.2 for the HPMC system. 



Dissolution rate of felodipine in different 
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Fig. 2 Release profile of FL in solid dispersions of MPMC-FL and 
hydroxyethyl cellulose (ffisQ-FL 



This behaviour results in the HPMC solid dispersion 
system having a more linear drug release (with a 
correlation coefScient R^ — Q.91), nearing zero-order 
release kinetics. Similarly, the 75:25 HEC system released 
the active ingredient with less linearity (R^= 0.88). 

The corresponding EE release from the 90:10 systems 
(polymer-drug ratio) is presented in Eig. 2 for a 6-h time 
period. The 90:10 HPMC-EL system released approxi- 
mately 60% of the active ingredient over 6 h, whilst the 
90:10 HEC-FL system released approximately 70%. In 
the 4-h time period, where the 75:25 solid dispersion 
systems were studied, drug release was found to be 
approximately 50% for the 90:10 HPMC-FL system and 
60% for the 90:10 HEC-FL system. The 90:10 HEC-FL 
system showed a rapider and greater drug release than 
the 90:10 HPMC-FL system, with a MDT value of 2.8 h 
as opposed to the MDT value of 4 h for the latter system. 
Additionally, in the 90:10 polymer-drug ratio systems, 
the HPMC system presented a more linear release 
(R^ = 0.92), whilst the HEC system gave a correlation 
coefficient of 0.88. 

The HPMC system therefore gave a slower drug 
release than the HEC system in both polymer-drug ratio 
systems, which may be attributed to the higher viscosity 
of the former cellulose (4,000 cps) as opposed to the latter 
(2,000 cps) in identical 1% w/v aqueous solutions. In this 
respect, it can be stated that the two systems do not 
present significant differences in interactions according 
to the results of this study. In addition, the HPMC 
systems presented a more linear drug release than those 
of HEC, which may be attributed to the morphology and 
physicochemical traits of each polymer. 

In order to investigate the effect of the polymer-drug 
ratio on the release of FL from the systems, the MDT 
values were obtained for each system in relation to the 
percentage of each hydrophilic matrix in the systems and 
are recorded in Fig. 3. 
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Fig. 3 Mean dissolution time (MDT) values relative to the polymer 
percentage for HPMC-FL and HEC-FL solid dispersion systems 

In both systems it was observed that an increase in the 
percentage of the polymer in the system corresponded to 
a reduction in the release rate of the active ingredient 
with increasing MDT values. The HPMC systems 
produced slower drug release, with a corresponding 
increase in the percentage of polymer, than the HEC 
systems. The increase in the MDT values appeared to be 
almost linear for the HPMC system {R^ — 0.96), which 
did not occur in the HEC systems (i?^ = 0.81). 

The 0.0802 and 0.0304 slopes for the HPMC-FL and 
HEC-FL systems, respectively, confirm that the polymer 
percentage effect is more significant in the former system 
than in the latter. 



Conclusions 

The three modified celluloses, HPMC, HEC, and 
CMCS, as observed from the studies on the interactions 
and compatibilities-incompatibilities, are suitable as 
excipients for the active ingredient FL. HPMC and 
HEC are compatible with FL at all ratios in solid 
dispersion systems. The systems with a polymer amount 
of over 75% present particular interest. HPMC can be 
characterized as a more suitable polymer than HEC, as 
it promotes a more linear release of the active 
ingredient, whilst the percentage in which it is added 
to solid dispersion systems presents a more critical 
effect on the drug release profiles. Therefore in order fo 
promote retarded drug release from the HPMC system, 
a much smaller quantity of HPMC would be required 
as opposed to the HEC system. Finally, the natural 
mixtures present large variations from unit to unit 
(RSD > 15%), most probably owing to placement in the 
capsule, the variation in the contact surface with the 
dissolution medium, as well as the variation in total 
porosity. The fact that the natural mixtures are diphasic 
systems (excipient-active ingredient) must be taken into 
account. Natural mixtures would be of interest only in 
those cases of tablet manufacture where these factors 
would be controlled. 
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Abstract We investigated the beha- 
viour of cell cultures on the surface 
of thermoresponsive polymers. We 
synthesised a series of copolymers 
of A-isopropylacrylamide and N- 
tert-butylacrylamide (NtBA) with 
ratios of 85:15, 65:35 and 50:50. 
Increasing the amount of NtBA 
results in a reduction in the lower 
critical solution temperature as de- 
termined by microcalorimetric 
methods and an increase in surface 
hydrophobicity. Experiments deter- 
mined that human epithelial cell 
growth was almost identical on 
surfaces with a higher degree of 
hydrophobicity. Preconditioning of 
surfaces with cell culture medium 
containing serum promoted cell 



adhesion on more hydrophilic 
polymers. 



Key words Cell adhesion • 
Thermoresponsive polymer • 
Protein adsorbtion 



Introduction 

Advances in molecular and cell biology, combined with 
polymer science and engineering, are pushing the field of 
biomaterials into new applications. A new class of 
responsive polymers which respond to environmental 
stimuli has been developed. One such class of responsive 
polymers are thermoresponsive polymers, polymers that 
respond to changes in temperature. A subclass of these 
are thermally reversible polymers based on A-isopropyl- 
acrylamide (NIPAM). 

Poly(NIPAM) (PNIPAM) is a well-known tempera- 
ture-sensitive polymer, exhibiting a lower critical solu- 
tion temperature (LCST) at 32 °C in water. PNIPAM is 
soluble below this temperature and becomes insoluble, 
owing to the destruction of hydration around the 
polymer chains and increasing intra- and intermolecular 
hydrophobic interactions, at temperatures higher than 



the LCST [1]. This unique thermoresponsive property of 
PNIPAM and its copolymers makes it particularly 
relevant as a novel method for drug delivery, as well as 
peptide and protein delivery [2, 3]. 

When surfaces are modihed with thermoresponsive 
PNIPAM, the surfaces show temperature-responsive 
wettability changes in aqueous solutions. This phenom- 
enon creates a substrate, which can interchange between 
being hydrophilic at temperatures below the LCST and 
hydrophobic at temperatures above the LCST. Modih- 
cation of surfaces by addition of polymers that are 
thermoresponsive at physiologically relevant tempera- 
tures creates a novel cell culture substrate and cell 
recovery system. Anchorage-dependent cells adhere and 
grow on PNIPAM in its hydrophobic state at 37 °C and 
these cells detach from such surfaces upon lowering of 
the temperature below the LCST [4, 5]. By utilising this 
property, one can efficiently recover cells without the use 
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of destructive proteolytic agents such as trypsin or other 
chemical agents. Removing the need for such agents is 
especially important when preforming primary cell 
culture and experimental protocols where initial cell 
attachment and spreading are used to assess candidate 
biomaterials. 

Although thermoresponsive polymers have been used 
as novel cell culture substrates, the ability of adherent 
cells to grow on such substrates is poor in comparison to 
the more conventional cell culture grade polystyrene [6]. 
So, the problem of improving thermoresponsive sub- 
strates for mammalian cell cultivation is a current topic. 
The purpose of our work was to study cell adhesion and 
growth on a series of thermoresponsive copolymers with 
different ratios between PNIPAM and N-tert-b\xiy\- 
acrylamide (NtBA). 



Materials and methods 

Copolymer preparation 
Materials 

NIPAM (99%, Acros Organics, New Jersey, USA) and NtBA 
(purum, Fluka Chemie, Switzerland) were recrystallised from 
hexane and dried at room temperature in vacuum. N,N'- 
Azobis(isobutyronitrile) (AIBN), (Phase Separation, Queensferry, 
Clwyd, UK) was recrystallised from methanol. Benzene was dried 
under sodium and was distilled before use. All the other solvents 
were reagent grade and were purified by conventional methods. 

Polymerisation procedure 

A series of copolymers was prepared by radical polymerisation of 
NIPAM and NtBA using AIBN (0.01 mol AIBN/mol monomer) as 
initiator in benzene (10 w/w %) under argon. After polymerisation 
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Fig. 1 Thermograms of the copolymers with different A-isopropyl- 
acrylamide (ATPy4iIf)/A-/ef'/-butylacrylamide {NtBA) ratios. The 
heating rate is 1 K/min 



at 60 °C for 24 h, the mixture was precipitated in diethyl ether. 
Precipitation was repeated three times using acetone as a solvent 
and hexane as a nonsolvent, and the product was dried at room 
temperature in a vacuum. 

Microcalorimetric measurements 

To prepare the polymer samples for calorimetric measurements, a 
weighed sample of polymer was dissolved in distilled water by 
careful mixing at 5 °C over a 12 h period. Each sample was 
prepared in triplicate. Calorimetric measurements were carried out 
using a DASM-4 differential adiabatic scanning microcalorimeter 
(NPO BIOPRIBOR, Pushchino, Russia) with a cell volume of 
0.47 ml. Measurements were taken in the temperature range 5- 
50 °C at a constant heating rate of 1 K/min and at a constant 
excess pressure of 2.0 atm. The calorimetric traces were digitised. 
For each experiment, two heating scans were normally carried out. 
The first scan was done with both calorimetric cells filled with 
water. This gave an instrumental base line. In the second scan, one 
of the cells contained the solvent and the other cell contained a 
polymer solution in the same solvent. During this scan, the 
difference in the heat capacities of the sample and the solvent was 
measured as a function of temperature. The transition temperature 
was taken as the temperature maximum of the thermogram. 
Thermograms of all the copolymers are presented in Fig. 1. The 
observed cooperative transitions were characterised by the transi- 
tion temperature and half-width of transition shown in Table 1. 

Film preparation 

PNIPAM-NtBA films were cast in (20-mm diameter) wells of 12- 
well polystyrene tissue culture grade dishes from a 5% (w/w) 
solution of polymer in dry ethanol (54.5 ^1/well). The ethanol was 
allowed to evaporate for 24 h in a laminar flow hood creating 
polymer films 5 pm thick. 

Cell culture 

Human epithelial (HeLa) cells were maintained in Dulbecco’s 
modified eagles medium (DMEM) containing 10% (v/v) foetal 
bovine serum (FBS), 50 mg/1 penicillin, 50 mg/1 streptomycin and 
4 mM L-glutamine. The cells were cultured at 37 °C in a humidified 
atmosphere containing 95% air and 5% CO 2 and were left 
undisturbed until the cells had adhered and spread. The medium 
was changed every second day until the cell monolayer had reached 
70% confluence, at which point the cells were harvested for 
experimentation or reseeding. 

Cell adhesional growth on copolymer films 

Two millilitres HeLa cell suspension (50,000/ml) in DMEM 
containing 10% (v/v) FBS, 50 mg/1 penicillin, 50 mg/1 streptomycin 
and 4 mM L-glutamine was incubated at 37 °C in a humidified 



Table 1 Transition temperature and half-width transition of 
A-isopropylacrylamide (A/PAM)/A-te;7-butylacrylamide {NtBA) 
copolymers 



Copolymers 


Lower critical solution 
temperature (°C) 


A/2 (°C) 


PNIPAM 


32.9 


1.2 


NIPAM/NtBA 85:15 


25.1 


2.3 


NIPAM/NtBA 65:35 


16.1 


3.5 


NIPAM/NtBA 50:50 


9.8 


3.8 
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atmosphere containing 95% air and 5% CO 2 and was left 
undisturbed with the polymer surface for 24 h. After 24 or 72 h, 
the culture medium was removed and the dishes were washed three 
times with prewarmed (37 °C) sterile phosphate buffered saline 
(PBS). Cells on the surface of the polymer films were harvested 
after 24 and 72 h by trypsinisation (0.25% trypsin for 5 min). The 
cells were examined microscopically. Once all the cells had 
detached, 150 fil medium was added to deactivate the trypsin. 
The number of viable cells was counted using a haemocytometer 
counting chamber (improved Neabauer model) under a Nikon 
TMS phase-contrast microscope. Cell viability was determined by 
the addition of a Trypan Blue solution [Trypan Blue (0.4%), Sigma 
Chemicals]. 



Protein preincubation 

The polymer surfaces were incubated with cell culture medium 
with or without FBS at 37 °C in a humidified atmosphere 
containing 95% air and 5% CO 2 and were left undisturbed with 
the polymer surface for 72 h. After 72 h, the cell culture medium 
was removed and the surface was washed three times with warmed 
(37 °C) PBS, removing any trace of cell culture medium and 
serum. Two millilitres HeLa cell suspension (50,000/ml) in cell 
culture medium without serum was incubated at 37 °C in a 
humidified atmosphere containing 95% air and 5% CO 2 and was 
left undisturbed with the polymer surface for 24 h. Only serum 
proteins which have absorbed to the surface of polymer films 
should have an affect on the ability of HeLa cells to adhere. The 
cells were harvested after 24 h and the number of cells was 
determined as described earlier. 



Results 

The relationship between surface physical chemistry and 
cell adhesion and growth is still not completely clear. 
Surface characteristics such as hydrophobicity, surface 
energy, texture, surface charge and chemical composition 
are all known to play roles in cell adhesion. The influence 
of the degree of surface hydrophobicity has been greatly 
studied [7] and there appears to be an optimum range of 
surface energy (as determined by contact-angle measure- 
ments), which promotes mammalian cell adhesion. To 
date, the study of hydrophobicity has involved the use of 
different materials, such as glass, polystyrene, etc., with 
different degrees of surface hydrophobicity; however, 
such materials vary greatly in surface chemistry, making 
the study of the influence of hydrophobicity alone 
difficult. We synthesised a series of copolymers on the 
basis of NIPAM and NtBA which should display similar 
surface chemistry with different degrees of hydrophob- 
icity at 37 °C. 

Increasing the amount of the hydrophobic monomer 
NtBA in the copolymer lowers the LCST as demon- 
strated in Fig. 1. From this thermogram, we can also 
conclude that increasing the amount of NtBA increases 
the half-width of the transition, the numerical values 
for which are represented in Table 1. From this, we 
determined that the polymer films cast from these 
copolymers display increasing hydrophobicity with 



increasing amount of NtBA. On the basis of this 
premise, we investigated the ability of FleLa cells to 
adhere on copolymer films (absence of serum) and on 
films with preadsorbed proteins (presence of serum). 
The numbers of adherent cells after 24 h are given in 
Table 2. 



Table 2 Adherence of human epithelial cells from the medium to 
untreated polymers surfaces (-serum) and those preconditioned 
with serum ( + serum) after 24 h. The initial number was 10^ cells 
per dish 



Copolymer 


+ Serum 


-Serum 


Control 


110,000 ± 20,000 


65,000 ± 4,000 


NIPAM/NtBA 85:15 


85,000 ± 43,000 


40,000 ± 7,000 


NIPAM/NtBA 65:35 


20,000 ± 7,000 


55,000 ± 5,000 


NIPAM/NtBA 50:50 


26,000 ± 7,000 


57,000 ± 7,000 




18,000 ± 15,000 


5,000 ± 1,000 




Fig. 2 Adhesion of human epithelial {HeLa) cells on copolymers 24 h 
after seeding. The control is tissue culture grade polystyrene. Poly(N- 
isopropylacrylamide) (PNIPAM) (7), NIPAM/NtBA 85:15 (2), 
NIPAM/NtBA 65:35 (J), NIPAM/NtBA 50:50 (4), control (5) 




Fig. 3 Growth of HeLa cells on copolymers 72 h after seeding. The 
control is tissue culture grade polystyrene. PNIPAM (7), NIPAM/ 
NtBA 85:15 (2), NIPAM/NtBA 65:35 (J), NIPAM/NtBA 50:50 (4), 
control (5) 
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The results demonstrate similar cell adhesion on the 
polymers and the control, with the exception of PNI- 
PAM, in the case where surfaces were not perincubated 
with serum. So, it may be concluded that in this case the 
surface chemistry is not crucial for cell adhesion. Protein 
preadsorbed from serum does promote cell adhesion to 
less hydrophobic substrates, like PNIPAM, NIPAM/ 
NtBA with ratio 85; 15, and to the control, but decreases 
cell adhesion to NIPAM/NtBA copolymers with ratios 
50:50 and 65:35. This means that cell adhesion to the 
polymer substrate is determined by preadsorbed pro- 
teins. The poor cell adhesion on PNIPAM can be 
explained by the proximity of the transition temperature 
of PNIPAM to the temperature of cell cultivation. It was 
observed that PNIPAM films were unstable, which can 
be explained by the high content of water in the film. The 
results of cell growth on copolymer films after 24 and 
72 h are shown in Figs. 2 and 3, respectively. 

In these experiments, cells were seeded on nontreated 
polymer surfaces in cell culture medium with 10% serum. 



The results after 24 h are similar to the results with cell 
adhesion on non-pre-incubated surface without serum. A 
more hydrophobic surface and control demonstrate 
some advantage and PNIPAM again shows poor cell 
adhesion. We see an increasing number of cells after 72 h 
on each copolymer. The best cell growth is demonstrated 
on tissue culture grade polystyrene. Cell growth on the 
copolymers with monomer ratios 85:15, 65:35 and 50:50 
are similar. These results demonstrate that in the absence 
of serum all the copolymers show the same adhesive 
properties except PNIPAM. Hydrophobicity can be 
responsible for cell adhesion, but the main factor in 
cell-copolymer interaction is protein adsorption. 
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Abstract The shrinking kinetics of 
terpolymer gels composed of 
10:20:70 A^-ter?-butylacryl- 
amide:A^,A^'-dimethylacrylamide: 
A^-isopropylacrylamide were found 
to be sensitive to the initiator con- 
centration in the pregel solution. The 
gels were synthesised by redox 
polymerisation using ammonium 
peroxydisulphate and N,N,N',N'- 
tetraethylenediamine, resulting in 
SO4 groups at the free end of the 
forming chains. Increasing the initi- 
ator concentration resulted in sig- 
nificantly faster shrinking times. The 
transition temperature and the con- 
tinuity of the transition were not 
affected by the initiator concentra- 
tion, and the degree of swelling at 
low temperatures was only slightly 
increased. Thus, there was no evi- 
dence of increased osmotic pressure 



owing to increased charge density. 
However, the shrinking process was 
dramatically different for the gel at 
higher initiator concentration, being 
2 orders of magnitude faster, and 
preventing the formation of a sur- 
face skin layer at high temperatures. 
It is postulated that this resulted 
from an increased number of grow- 
ing chains being formed at higher 
initiator concentration, resulting in 
an increased number of elastically 
ineffective chains. It is further pos- 
tulated that these free chains have 
increased mobility compared to the 
network chains, resulting in faster 
shrinking of gels formed at higher 
initiator concentration. 

Key words Gels • Initiator 
concentration • Shrinking • 
Elastically ineffective chains 



Introduction 

Introduction of charged comonomers into a gel is well 
known to affect the degree of swelling of the gel in a good 
solvent, the temperature at which the transition occurs 
and the discontinuity of the temperature-induced volume 
phase transition [1-6]. The increase in the degree of 
swelling is a result of the osmotic pressure owing to 
dissociation of ions. The increased transition tempera- 
ture is a result of the polymer-water interactions 
remaining favourable to a higher temperature, as the 
charged groups form hydrogen bonds with water. The 
increased discontinuity of the shrinking transition also 
results from the contribution of osmotic pressure owing 
to counterions to the equilibrium condition of the gel. 



In all the experiments conducted on ionic gels, the 
charged groups have been introduced as comonomers, 
such as acrylic acid [6] or sodium acrylate [Ij. The nature 
of the polymerisation in such cases is that the charged 
groups end up randomly distributed throughout the gel, 
and thus their effect is evenly felt throughout the gel. 
Recent experiments by Kokufuta et al. [7] have shown 
that the charge distribution has a significant effect on the 
swelling behaviour of A-isopropylacrylamide (NIPA)- 
acrylic acid gels. They prepared gels with three distinct 
patterns of charge distribution. The first gel had a typical 
random distribution of charges. The second and third 
gels had the charges localised along the polyacrylic acid 
chains, which were then incorporated into the gels. The 
gel types are represented schematically in Fig. 1. The 
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Fig. la-c Schematic illustration of the three polyelectrolyte gels 
consisting of A^-isopropylacrylamide (NIP A) and acrylic acid residues, 
a Random distribution, b polyacrylic acid chains and NIPA 
monomers in the pregel solution, c polyacrylic acid chains and 
poly(NIPA) chains in the pregel solution 



charge distribution was found to have a significant effect 
on the swelling behaviour and the volume phase 
transition of the gels [7]. 

The use of radical initiators has been shown to result 
in the introduction of charged groups into a gel [ 8 , 9]. The 
process of initiation using a redox couple, such as 
ammonium peroxydisulfate (APS) and A,A,A',A'-tetra- 
methylethylenediamine (TEMED), results in the APS 
molecule breaking at the - 0 - 0 - bond into two radical 
species (SO 4 ). Each of the radicals attack the -C=C- 
bond of a monomer, leaving a radical on the second 
carbon of the monomer unit, and so the chain propa- 
gates, and leaving a charged group at the “free-end” of 
the chain. Thus, the gel ends up with a significant number 
of charged groups located at the free ends of the polymer 
chains within the gel network. 

The effect of increasing the number of charged groups 
by increasing the initiator concentration on the shrinking 
kinetics of a 10:20:70 A-tert-butylacrylamide (BAM): 
A,N'-dimethylacrylamide (DAM):NIPA gel was investi- 
gated. This gel composition was selected as it has a 
continuous transition at 34.5 °C, and its shrinking 
process has been described in detail [10]. The gels had 
identical monomer, cross-link and promoter concentra- 
tions, with only the initiator concentration varied. 
Initiator concentrations of 1 and 3 wt% of the initial 
monomer concentration were used. 



Experimental 

Materials 

NIPA monomer (purity above 99%) from Phase Separations 
(Clwyd, UK) was recrystallised twice from hexane. BAM, DAM 
and A,A'-methylenebisacrylamide from Fluka (Dorset, UK) were 
used as supplied. APS from Aldrich (Dorset, UK) was used as 
supplied. TEMED from Sigma (Dorset, UK) was used as 
supplied. ParaflBn oil from BDH (Dublin, Ireland) was washed 
with deionised water before use. Fluorescein isothiocyanate 
(FITC) dextrans (molecular weight 9,500, 19,500 and 42,000) 
from Sigma (Dorset, UK) were used as supplied. All the water 
used was of Milli-Q (Millipore) quality and was degassed before 
use. 



Synthesis of spherical gel beads 

Submillimetre spherical gel beads were prepared by inverse 
polymerisation, according to the method of Matsuo and Tanaka 
[1] as described previously [10]. All the gels had 0.8 wt% cross- 
linking, and the pregel concentration was 700 mM monomer 
(490 mM NIPA, 70 mM BAM, 140 mM DAM) in 3 mg water. 
The pregel solution was degassed under vacuum and 1 5 fil TEMED 
was added. The initiator concentration was 40 mg (or 120 mg) in 
2 mg water, of which 70 fil was added. 



Temperature jumps 

An aliquot of the gel beads in water (containing a range of gel sizes) 
was used. The gels were inserted onto a “thermoslide” made of 
conductive glass and heated by applying a current (described 
previously [10]). The temperature was increased by a temperature 
jump from a starting temperature of 30 °C to final temperatures in 
the range 34-40 °C. The change in diameter (either the diameter at 
time / divided by the initial diameter {DJDa) or the renormalized 
diameter [(DJDa - Z)f/Z)(j)/(1 - was plotted as a function 

of time, from which the relaxation time (time taken for the gel to 
reach its equilibrium size at the new temperature) was established. 



Rheology 

The viscoelastic properties of the gels of various initiator concen- 
trations were determined using a Rheometric Scientific SR2000 
dynamic stress strain-controlled rheometer. Parallel plates of 40- 
mm diameter were used. Frequency sweeps (0.01-10 Hz, stress 
0.5 Pa) and stress sweeps (0.5-100 Pa, frequency 0.16 Hz) were 
performed. 



Instron (penetration) tests 

The gel strength was determined using an Instron. The gels were 
compressed to 50% of their initial thickness in order to determine 
their deformation and breaking point. The crosshead speed was 
0.5 mm/s, the load cell was 100 N, the plunger diameter was 
35 mm and the load range was 10 N. 



Pore size experiments 

The pore size distributions of the gels were characterised by the 
solute-exclusion technique using FITC-dextran fractions as mo- 
lecular probes, as described by Wu et al. [11]. Gel disks of diameter 
20 mm and thickness 3 mm were prepared for initiator concentra- 
tions of 1, 2 and 3 wt% of the initial monomer concentration and 
were placed into sodium azide solutions containing different FITC- 
dextran fractions (200 |ig/ml). The FITC-dextran concentration 
was monitored daily using a PerkinElmer LS50B luminescence 
spectrometer (485 nm excitation, 515 nm emission) until the FITC- 
dextran concentration stopped changing. The gel disks were 
transferred to 100 ml sodium azide solution for exhaustive 
extraction, and the concentrations were determined. The volumes 
of the pores inaccessible and accessible to each FITC-dextran 
fraction were determined as described previously [12]. 



Results and discussion 

The equilibrium shrinking curves of the slightly charged 
(1 wt% initiator) and highly charged (3 wt% initiator) 
10:20:70 BAM:DAM:NIPA gels are shown in Eig. 2. It is 
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Temperature (°C) 

Fig. 2 Comparison of equilibrium shrinking curves for slightly 
charged (circles) and highly charged (squares) 10:20:70 N-tert- 
butylacrylamide:A^,A7-dimethylacrylamide:NIPA 200-/im gel beads 

clearly seen that the transition temperature is not affected 
by the increased charge. Also, there is no increase in the 
discontinuity of the transition. This is in contrast to the 
evidence of other researchers, where the presence of as 
little as 1 mol% charged comonomers was sufficient to 
alter the transition temperature and discontinuity [13]. 
However, the presence of additional charged groups is 
indicated by the increased degree of swelling in the highly 
charged gel, as a result of the increased osmotic pressure 
owing to dissociation of the charged groups (as the 
curves are plotted as a function of final diameter, it is 
seen as an increase in the degree of shrinking). 

The shrinking kinetics of the 10;20;70 BAM:DAM; 
NIPA gels were determined following temperature jumps 
to the range of temperatures 30-40 °C. The shrinking 
curves obtained were extremely dependent on the gel 
composition. In the case of the weakly charged gel, the 
shrinking process was exponential up to T , the temper- 
ature at which the gel was fully collapsed, and became 
two-staged at temperatures above T . The onset of two- 
stage shrinking behaviour was due to the surface of the 
gel shrinking faster than the bulk gel and forming a skin 
layer which prevented the bulk water from being 
released. A detailed description of the shrinking process 
of the weakly charged gel was given previously [10]. 

In the case of the highly charged gel there were several 
important differences in the shrinking behaviour. Firstly, 
the shrinking times were significantly faster in the highly 
charged gel than in the slightly charged gel (2 orders of 
magnitude faster). Secondly, there was no skin layer 



formation in the highly charged gel, even at temperatures 
well above the transition temperature, and thus no 
appearance of bubbling. This meant that the shrinking 
process was exponential at all temperatures, with no 
evidence of a two-stage shrinking pattern. Finally, there 
was an interesting pattern formation on the gel surface 
during the initial few seconds of shrinking in the highly 
ionised gels. 

The rapid shrinking times of the highly charged gels 
compared to the slightly charged gels are shown in 
Table 1. The series of photographs in Fig. 3 compare the 
shrinking processes of both the weakly and the highly 
charged 10;20;70 BAM;DAM:NIPA gels. The lack of a 
skin layer in the highly charged gel is clearly seen as 
compared to the weakly charged gel. There is no 
appearance of opacity and no bubbling at all. 

According to Flory [14] any real network must 
contain terminal chains bound at one end to the network 
via a cross-linkage and terminated at the other end (the 
“free end”) by a primary molecule. Such an arrangement 
is shown in Fig. 4. Since polymerisation is initiated by 
the free-radical initiator, it is reasonable to assume that 
the “free end” is in actual fact terminated by an SO4 
group. Thus, it is postulated that the effect of increasing 
the initiator concentration is to increase the number of 
elastically ineffective “free-end” terminal chains. These 
free chains presumably extend into the solvent as 
“Flory” type coils at low temperature and shrink with 
increasing temperature. It is postulated that the intro- 
duction of additional terminal chains into the network is 
responsible for the increased speed of shrinking of the 
highly charged 10:20:70 BAM:DAM:NIPA gels. In 
analogy to the graft-chain gel prepared by Kaneko et al. 
[15] it is suggested that the free-end chains respond 
rapidly to changes in their surrounding temperature and 
as they shrink to minimise the polymer-water interac- 
tions they pull the bulk network with them, speeding up 
the collapse transition. 

An increase in the number of elastically ineffective 
chains should result in a weaker (less elastic) gel. The 
elasticity of a gel network can be determined easily by 



Table 1 Relaxation times, t (seconds), for different charged gels 
calculated from the experimental data using curve fitting 



Gel description Temperature jump temperature (°C) 
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Fig. 3a-h Comparison of the shrinking process following a temper- 
ature jump from 30 to 40 °C on 200-fim gel beads. 1 wt% (slightly 
ionic) gel a 0 s, b 30 s, c 70 s and d 2,000 s; 3wt % (highly ionic) gel 
e 0 s, f 3 s, g 12 s and h 20 s 



rheology, where the sample is deformed by shear. The 
viscoelastic properties of the 1 and 3 wt% initiator gels 
were determined using a stress sweep and a frequency 
sweep. The 3 wt% initiator gel was expected to have a 
lower elastic modulus than the 1 wt% initiator gel, as a 
result of having a large number of elastically ineffective 
chains; however, as shown in Fig. 5, the elastic modulus 
(G') is virtually identical for both gels, suggesting that 
either the initiator concentration has no effect on the 
network structure or that the increased number of free 
chains is compensated for by some other change in the 
network structure. Since it has been shown that there 
are dramatic differences in the shrinking behaviour of 
the gels, there is clearly some major difference in the 




Fig. 4a, b Schematic representation of effect of increased initiator 
concentration on the gel network. The filled circles indicate cross- 
linkages, the open circles represent a terminus or “free end” consisting 
of a charged initiator residue and the arrows signify continuation of 
the network structure, a Low initiator concentration, b high initiator 
concentration. (Redrawn from Ref [14].) 



network structures. Thus we postulate that the in- 
creased number of free chains results in there being 
fewer monomer units available for incorporation into 
the network chains. This would result in a shorter chain 
length between cross-link units and thus a smaller 
overall pore size. 

An interesting way of determining the number of 
elastically ineffective chain segments contained in a 
network was described by Dubrovskii and Rakova [16]. 
They measured the elasticity of nonionic and weakly 
ionic acrylamide-based gels as a function of initial total 
monomer concentration, cq, by a penetration method. 
They found that networks prepared with low cq contain a 
large number of elastically ineffective segments, while at 
high Co “effective” perfect networks were formed. The 
effect of initiator concentration on elasticity was deter- 
mined by penetration (compression) in order to confirm 
the hypothesis that the increased initiator concentration 
resulted in an increased number of terminal or “free- 
end” chains. As shown in Fig. 6, there is a significant 
difference in the elasticity of the two gels. The 3 wt% gel 
breaks at a lower force and at a lower degree of 
displacement than the 1 wt% gel, suggesting that it has 
a larger number of elastically ineffective chains and is 
thus an elastically weaker gel. This confirms the original 
hypothesis that the increased initiator concentration 
results in a network with a lot of elastically ineffective 
chains. 

The pore size distribution of the gels was determined 
by solute exclusion according to the method of Wu et al. 
[11]. FITC dextrans of molecular weight 9,500, 19,500 
and 42,000 were used as probes. It can be clearly seen in 
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Fig. 5a, b Elasticity (G') of gels measured by rheology. 1 wt% 
initiator gel (squares), 3 wt% initiator gel (triangles), a Stress sweep, 
b frequency sweep 



Fig. 7 that increasing the initiator concentration resulted 
in a decreased pore size in the network. In the case of the 
probe of molecular weight 9,500, 80% of the pores of the 
1 wt% initiator gel are accessible, while fewer than 40% 
are accessible when the 3 wt% initiator is used. Thus, 
the pore size can be clearly seen to decrease with 
increasing initiator concentration, confirming that the 
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Fig. 6 Determination of elastically effective chain formation by 
penetration (Instron). 1 wt% initiator gel (circles), 3 wt% initiator 
gel (square.^) 

presence of dangling chains reduces the number of 
monomer units available for network chains, resulting in 
shorter chain lengths between cross-links, and, thus, 
smaller pores. 



Conclusion 

The shrinking kinetics of 10:20:70 BAM: DAM: NIP A 
gels prepared at two different initiator concentrations 
were compared and it was found that increasing the 
initiator concentration dramatically altered the shrinking 
process by preventing the formation of a surface skin 
layer at high temperatures. The shrinking times of the 
gels with high initiator concentration were significantly 
shorter than those of gels with lower initiator concen- 
tration. 

It was proposed that a higher initiator concentration 
caused increased numbers of elastically ineffective chains 
to form, and that these chains are freely mobile and thus 
can respond to environmental changes faster than the 
confined network chains. This would account for the 
faster shrinking process and the lack of a skin layer 
forming at higher temperatures, as the mobile chains 
would act as nuclei for the shrinking process. 

The presence of increased numbers of elastically 
ineffective chains at a high initiator concentration was 
confirmed by penefration fests, where the degree of 
displacement of the highly ionic gel was significantly less 
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Fig. 7 Pore size distribution 
of gels with increasing initiator 
concentration 




9,500 19,500 42,000 



i Ell wt % 
■ ni2 wt % 
! H3 wt % 



that that of the weakly ionic gel. However, the overall gel 
strength or elasticity as measured by rheology was not 
significantly different between the gels. This indicated 
that the increased number of elastically ineffective chains 
was somehow compensated for by the network structure. 
It was proposed that the highly ionic gel had a smaller 
pore size, owing to there being shorter chains between 
cross-links. This was confirmed by solufe exclusion, and 



thus confirms fhe dangling chain sfructure proposed here 
for gels formed af high inifiator concentrafion. 
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Abstract The interaction between Key words DNA-surfactant 

DNA and alkyltrimethylammonium systems • Catanionic mixtures • 

bromides of different chain lengths is DNA-amphiphiles complexe • 

studied, both on a macroscopic and Phase behavior 

on a single-molecule level. The phase 

maps for aqueous DNA-surfactant 

systems as well as some interesting 

salt effects are presented. Some 

preliminary results on the structure 

of DNA-surfactant complexes are 

also given. Studies involving DNA 

and surfactant mixtures are also 

conducted. 



Introduction 

Mixtures of water-soluble polymers and surfactants are 
present in a large number of systems in nature and 
industrial applications, such as in foods, pharmaceutical 
formulations, cosmetics, detergents, paints, etc., and 
these systems have been the subject of a large number of 
studies [1, 2]. The interactions between amphiphilic 
molecules and biologically active polyelectrolytes have 
received particular attention not only from the physical 
chemistry viewpoint, but also were specially investigated 
in biomedical studies. Within this group we consider 
DNA-cationic surfactants systems. These systems have a 
number of applications, such as the purification of DNA 
by condensation and precipitation [3], DNA renatur- 
ation and ligation [4], and selective separation of DNA in 
the presence of RNA [5]. Surfactants can also be used for 
positive charging of neutral liposomes for gene delivery 
purposes [6]. Owing to the growing interest in this field 
and numerous applications of these systems several 
studies have been presented in the literature concerning 
DNA interaction with cationic amphiphiles [7-13]. In 
spite of this, a number of facts are still not quite clear in 
these systems. The mechanism of surfactant binding and 



the structure of the complex are some examples. In our 
work an attempt is made to understand these and other 
points. The surfactants used are cetyltrimethyl- 
ammonium bromide (CTAB), tetradecyltrimethylammo- 
nium bromide (TTAB), and dodecyltrimethylammonium 
bromide (DTAB). 



DNA association with cationic surfactants 

Some applications of the DNA-cationic surfactant 
systems are based in the fact that DNA phase-separates 
associatively with the amphiphiles. The formation of a 
precipitate, or phase concentrated in both components, 
has been reported for several systems of polyelectrolytes 
and oppositely charged surfactants [14-16]. The electro- 
static interactions between them are obviously strong 
and lead to strong association. Surfactant aggregates 
induced by the polymer will act as counterions, thereby 
reducing the charge of the complex and the entropic 
driving force for mixing and the interpolymer repulsions 
[2]. However, in contrast to other polyelectrolyte- 
surfactant systems reported [15, 16] the precipitate does 
not redissolve with an excess of surfactant. Other 
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information obtained is that the precipitate is formed at 
very low amounts of DNA and minor surfactant 
concentrations, far below the surfactant critical micelle 
concentration (cmc). Polyelectrolyte-oppositely charged 
surfactant systems are known to have a critical aggrega- 
tion concentration (cac) lower than the cmc of free 
surfactants, often by orders of magnitude. The fact that 
the cationic surfactant binding occurs preferentially to 
anionic polyelectrolytes of high charge density further 
enhances this behavior. These results are presented 
schematically in Fig. 1. These phase maps, studied by 
turbidimetry, are presented in a simplified two-dimen- 
sional representation. Since the amount of water in these 
systems is extremely high, this type of representation 
provides a better visualization. 



DNA a 




[Surf.] (mM) 



Fig. 1 a Schematic representation of the isothermal pseudotemary 
phase diagram for the DNA-dodecyltrimethylammonium bromide 
(DTAB)-w?Asx system. There is a phase separation into two phases in 
almost the entire region considered, b Expanded view of the water-rich 
comer of the system {diamonds), including the DNA-tetradecyltrim- 
ethylammonium bromide {TTAE)-^a.tsv (triangles), and DNA- 
cetyltrimethylammonium bromide (CTABy-wsLtei (circles) systems 
for comparison. The open symbols refer to the clear one-phase 
solutions and the filled symbols to two-phase samples. The dashed line 
indicates the charge neutralization. T =25 °C. From Ref [17] 



The salt effect 

The same systems were studied with the addition of salt 
[17]. The results are presented in Fig. 2. It is a commonly 
accepted viewpoint that the cac of the polyelectrolyte- 
oppositely charged surfactant systems increases on 
addition of salt [18]. This is due to a weakened 
interaction between the polymer and the surfactant 
induced by the stabilization of free micelles and a 
screening of the electrostatic interactions. With this we 
would expect a decrease in the two-phase region and not 
the observed broadening of it. By looking at the DNA- 
TTAB phase map, for example, we observe that the lines 
of precipitation of the system with and without salt cross 
instead of being dislocated one in relation to the other 
(Fig. 3); this is unexpected behavior. We believe that the 
knowledge of the DNA-surfactant complex structure 
can help us in understanding this trend. 




[DNA] (mM) 




[DNA] (mM) 



Fig. 2 a Same as Fig. lb, but the phase map is represented on a 
logarithmic scale for better visualization of the effect of surfactant 
chain length on the phase transition, b Phase map for the three 
systems in the presence of 0.1 M NaBr. The circles represent samples 
without salt and the triangles samples in the presence of salt. The open 
symbols refer to the clear one-phase solution and the filled symbols to 
two-phase samples. T =15 °C. From Ref [17] 
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Fig. 3 Effect of the addition of NaBr on the phase behavior of the 
DNA-TTAB aqueous system. The circles represent samples without 
salt and the triangles samples in the presence of salt. As before, the 
open symbols refer to the clear one-phase solution and the filled 
symbols to two-phase samples. The dashed line represents the expected 
direction of change for the system with salt. T =25 °C. Redrawn 
from Ref [17] 



DNA-surfactant complexes 

In spite of all studies made with these systems [8-13], the 
structure of the complex is not fully known. It is agreed 
[9, 19] that the complexes formed have a loosely packed 
hexagonal structure in which the DNA induces and 
stabilizes the formation of rodlike micelles. In fact, our 
preliminary results point in that way (Fig. 4a). We can 
also see that the structure is more ordered for the longer- 
chain surfactant. The same experiments were performed 
with the addition of salt and the results are very similar 
(Fig. 4b). The only difference appears to be that with salt 
the hexagonal lattice becomes less loose. This could be 
due to the salt osmotic pressure. 

Studies were also conducted within the two-phase 
region to investigate the dependence of the amount of the 
precipitate and water in the supernatant on the variation 
of the DTAB/DNA mixing concentration ratio [17]. We 
obtained some interesting results. The amount of pre- 
cipitate reaches the maximum amount for a mixing ratio 
of approximately 1.0 and remains constant with further 
addition of surfactant, at least for the region studied. 
This indicates that the excess of surfactant added to the 
samples remains in the supernatant, probably as free 
micelles, and can give an explanation for the nonredis- 
solution of the DNA-surfactant complexes. Since there is 
no binding of the surfactant to the complex after its 
neutralization, an inversion of the complex charge is not 
observed, as happens with many similar systems [15, 16]. 
The same studies were made with the addition of salt, but 
again there were no major differences between the results. 
The precipitation starts for higher amounts of surfactant, 




0 0,1 0,2 0,3 0,4 




0 0,1 0,2 0,3 0,4 

q (1/A) 

Fig. 4 Small-angle X-ray scattering diffractograms of DNA-surfac- 
tant complexes a in the absence and b in the presence of NaBr. These 
preliminary results show a loosely packed hexagonal structure. The 
filled diamonds correspond to the DNA-CTAB complexes, the open 
circles to DNA-TTAB, and the filled triangles to the DNA-DTAB 
system. T = 25 °C 



as expected, and there is a slight decrease in the amount 
of water in the samples, which corresponds to the salt 
contribution to the weight of the sample and means, 
probably, that the major fraction of salt is dissolved in 
the supernatant. Further studies are being conducted on 
this. 



DNA compaction in the presence of cationic surfactants 

Fluorescence microscopy is a technique that has recently 
been used in the study of DNA conformational behavior 
in the presence of several cosolutes, having as its main 
advantage the visualization of single molecules in 
solution. DNA molecules in aqueous solution present 
an extended conformation, flowing in the solution 
and exhibiting a relatively slow wormlike motion, 
the designated unfolded coil conformation. With the 
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addition of cationic surfactants, for example, the DNA 
molecules undergo compaction into a globular state. The 
interesting point in these systems is that the DNA 
molecules undergo a discrete, or a first-order, phase 
transition [20, 21]. Associative phase behavior is well 
documented for mixed aqueous systems of a polyelec- 
trolyte and oppositely charged surfactants [14, 15, 18] 
and so is the effect of surfactant on the polyion 
conformation [15, 16]. However the findings for flexible 
polyions of low charge density differ qualitatively from 
what we find for DNA. In these cases it can be inferred 
that while surfactant binding is cooperative, in that it 
results in surfactant self-assembly aggregates and is 
characterized by a well-defined cac, there is an essentially 
uniform distribution of surfactant aggregates among the 
different polyions. Phase separation takes place when the 
net charge of the polyion-surfactant aggregates attains a 
low value and the surfactant distribution explains why 
rather high amounts of surfactant are needed for phase 
separation in these cases. For DNA, the very low values 
of surfactant concentration at which phase separation 
starts demonstrate a different binding situation and 
either complete or no binding: as binding to DNA starts, 
further binding is facilitated and one DNA double helix 
molecule is saturated before binding starts at another, i.e. 
there is double cooperativity. This is directly confirmed 
by the fluorescence microscopy results, demonstrating 
the coexistence of original extended coils and globules 
compacted to the final state. Our results for the DNA- 
CTAB, DNA-TTAB, and DNA-DTAB systems show 
that this coexistence interval is narrower for DNA- 
CTAB aqueous mixtures and becomes wider for the 
shorter-chain surfactant. It is shown in Fig. 5 that a 
larger amount of DTAB is needed to induce the 
compaction of the DNA molecules, which is in agree- 
ment with our previous results. 
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Fig. 5 DNA conformational behavior in the presence of cationic 
surfactants CTAB, TTAB, and DTAB. The DNA charge concentra- 
tion was maintained at 0.5 /rM. The open circles correspond to the coil 
conformational state of DNA and the filled circles to the presence of 
globular molecules. The shaded circles represent the coexistence 
between elongated coils and compacted globules. T =25 °C. From 
Ref [17] 



Forthcoming work 

Since many details in these systems are not well 
understood more experiments are being conducted in 
our groups. One of them is the study of the DNA 
interactions with alkyltrimethylammonium surfactants 
of even shorter chain length, such as decyltrimethylam- 
monium bromide and octyltrimethylammonium bro- 
mide. Some preliminary phase diagrams are presented 
in Fig. 6. Hexyltrimethylammonium bromide was found 
not to precipitate DNA. As expected the area of the two- 
phase region decreases with the decrease in the surfactant 
hydrophobicity. For the short-chain surfactant the 
association is no longer observed. 

One problem with these cationic systems is the toxicity 
of the surfactants, which reduces substantially their 
applications. An effort is being made to use more 
biocompatible amphiphiles. The use of surfactant mix- 
tures is another way of dealing with this problem. By 
reducing the amount of cationic amphiphile we decrease 
the toxicity of the systems. Cationic liposomes, for 
example, made of neutral and cationic lipids, are well 
known as gene delivery vehicles. Owing to the undeniable 
importance of these systems, the interaction between 
DNA and surfactant mixtures is being carefully studied. 



Interactions between DNA and surfactant mixtures 

We studied the DNA conformational behavior in the 
presence of nonstoichiometric mixtures of two oppositely 
charged surfactants, CTAB and sodium octyl sulfate [22]. 
The aqueous mixtures of these surfactants exhibit a rich 




0,01 0,1 1 10 100 
[DNA] (mM) 

Fig. 6 Same as Fig. 2a with some preliminary results on the DNA- 
decyltrimethylammonium bromide-water {squares) and DNA-octyl- 
trimethylammonium bromide-water (crosses) systems. As before, the 
open symbols correspond to one-phase solution and ihs filled symbols 
to two-phase samples. 7’= 25 °C 
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Fig. 7 The addition of a nonionic surfactant prevents the precipita- 
tion of DNA-cationic surfactant. A simplified two-dimensional 
representation of the preliminary results is given for the aqueous 
system of DNA-octaethyleneglycol mono-«-dodecyl ether-CTAB. 
The filled symbols refer to two-phase samples and the open symbols to 
clear one-phase solution. T =15 °C 

phase behavior, with the formation of surfactant aggre- 
gates with different charges and geometries [23, 24]. We 
were mainly interested in the phases of the vesicles. We 
observed that the presence of anionic-rich vesicles in 
aqueous DNA solutions does not lead to any associative 
interaction and does not affect the DNA conformational 
behavior; however, in the cationic-rich phase, DNA is in 
the globular state and it adsorbs onto the surface of the 



vesicles [22]. Moreover, we observed that the change in 
the molar ratio between cationic and anionic surfactants 
in solution leads to DNA unfolding. Owing to the 
interesting results and promising use in several applica- 
tions other studies are being conducted on this system, 
such as phase diagrams and the complex structure 
determinations. 

Another interesting part in the study of the DNA- 
cationic surfactant interactions is the addition of a 
nonionic surfactant. We observed that the addition of 
octaethyleneglycol mono-«-dodecyl ether induces a 
weakening in the interaction between the polyion and 
the oppositely charged surfactant and is capable of 
preventing the precipitation of the systems at high 
enough concentrations. Some preliminary results are 
presented in Fig. 7. During this project other amphi- 
philes will be used. 
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Abstract Cationic liposomes are 
efficient carriers of genetic material 
and becanse of this they have been 
studied by different biophysical and 
biochemical approaches. In the pre- 
sent article dielectric spectroscopy 
(DS) and circular dichroism mea- 
surements on cationic liposome- 
DNA mixtures are reported. These 
techniques are suitable to characte- 
rise the formation of a DNA-lipo- 
some complex, which is the first step 
in the transfection process. In par- 
ticular, the estimation of a signifi- 
cant structure parameter of DNA, 
the so-called “persistence length”, is 
possible by DS. Our results confirm 



that the link between cationic lipo- 
somes and DNA is direct and of an 
electrostatic nature. The maximum 
complexation is at electroneutrality 
as reported in the literature. Finally, 
an interesting structural effect on 
DNA was evidenced by our mea- 
surements. When the biopolymer is 
partially bonded to liposomes, its 
free stretches exposed to solvent 
appear rigider with an increase in the 
persistence length. 



Key words Liposome DNA • 
Dielectric spectroscopy • 
Circular dichroism 



Introduction 

Structural and dynamic studies of cationic liposome- 
DNA complexes are of particular interest in gene- 
therapy research [1, 2]. Cationic liposomes can be used 
as vehicles for genetic material transport into cell nuclei 
and represent a safer alternative to viral gene transfec- 
tion. Most studies regarding the transfection process and 
the structure of the complexes have focused on evaluat- 
ing the efficiency of several liposomes as a function of 
different physical-chemical parameters [3-6]. A system- 
atic study using different cationic liposomes was started 
by Colosimo et al. [7]. In the present article dielectric 
spectroscopy (DS) and circular dicroism (CD) measure- 
ments on cationic liposome-DNA mixtures are reported. 
These techniques are suitable to characterise the forma- 
tion of a liposome-DNA complex, which is the first step 
in the transfection process. In particular, the estimation 
of a significant structure parameter of DNA, the so- 
called “persistence length”, is possible by DS [8]. This 



work represents a first attempt to correlate the formation 
of the complex with structural modifications induced on 
DNA. 



Materials and methods 

Calf thymus NaDNA from Sigma was used. It was diluted in 
deionised water and then sonicated with a Vibra Cell sonifier from 
Sonics and Materials (0.5 g/1 concentration, 1-min sonication time) 
to obtain DNA fragments. The molecular- weight distribution of 
DNA was determined by agarose gel electrophoresis and was 
widely spread from 0.5 to 2 kilobases. 

(1 ,2-Bis(oleoyloxy)-3-(trimethylammonium)propane) (DOTAP) 
lipids from Sigma were diluted in deionised water and then 
sonicated for 20 min in order to obtain monolamellar liposomes. 
The dimensions of these liposomes were checked by light scattering 
measurements and were shown to have a diameter distribution 
centred at about 250 nm. 

In dielectric experiments the permittivity, e', and the dielectric 
loss, e", were measured by a computer-controlled HP 4 194 A 
impedance analyser in the frequency range 10^-10* Hz. The 
measuring cell was a section of a cylindrical waveguide, which 
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could be partially filled with about 1 ml sample solution. The 
system behaves as a waveguide excited far beyond its cutoff 
frequency mode, and therefore only the fading wave that is 
generated at the interface between the coaxial line and the solution 
is used in the measurement. Cell constants were determined by 
measurements with electrolyte solutions of known conductivity, 
following well-defined procedures reported in the literature [9]. 

CD spectra were obtained with a Jasco 715 spectropolarimeter, 
using a 1 -mm- width quartz cell for the solutions in the ultraviolet 
range 190-260 nm. 

All the experiments were performed at the controlled temper- 
ature of 25 °C. 



Results and discussion 

We measured the complex dielectric constant of cationic 
liposome DOTAP-DNA mixtures in aqueous solution at 
different concentrations. The concentration of DNA was 
fixed to a value of 0.25 g/1, corresponding to a nucleotide 
concentration of 0.76 mM, and the content of liposome 
was varied form 0 to 1.5 g/1, i.e. up to 2.1 mM DOTAP. 
In terms of the relative concentration of charges, this 
means that we varied the ratio of molarities of liposome 
and nucleotide DNA from 0 to 2.8. 

In the range of frequencies used in our experiments, 
the DNA suspensions show a typical dielectric relaxation 
(Fig. la) due to counterion oscillations along definite 
stretches of the polyelectrolyte, the persistence length [8, 
10-12]. A valid model interpreting this phenomenon is 
the Mandel model [13]. In this model the persistence 
length, b, is related to both the relaxation frequency,/*, 
and the dielectric increment. As, according to the 
following equations; 



f* _ 


nKTu 


(1) 
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2h2 ’ 
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e^gNcyb^ 
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36KTso ’ 



where K is the Boltzmann constant, u is the mobility of 
the counterions, g is the average fraction of bound 
counterions, N is the total number of monovalent 
counterions of charge e per polyelectrolyte molecule, c 
is the macromolecule concentration per cubic metre and 
y, which may be assumed to be close to unity, is the ratio 
of the effective electric field acting on the polyion and the 
average Maxwell field in the solution. 

In the same frequency interval the liposome solution 
also exhibits a dielectric relaxation, similar to that of 
DNA and probably caused by an analogous mechanism 
at the interface with solvent. 

If we observe all the curves of Fig. 1 , we can note that 
the relaxation of DNA reduces as the presence of 
DOTAP is increased. At a molar ratio close to unity, 
i.e. electroneutrality between liposome and DNA, the 
dispersion is near to vanishing. For a higher content of 
DOTAP, a relaxation appears again (Fig. Id). Our 
interpretation is that for DNA molarity prevailing on 
the liposome, a part of the biopolymer binds DOTAP, 
saturating its charges. The residual DNA exposed to the 
solvent produces a relaxation with a reduced dielectric 
increment. When the negative charges of the phosphate 
groups of DNA are completely neutralised by an equal 
number of positive charges of the cationic liposomes, no 
dielectric dispersion is evident. For such a condition, the 
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Fig. 2 a Persistance length and b concentration of free DNA as a 
function of LjD molarity ratio 



maximum complexation between DOTAP and DNA is 
realised. If the liposome content is increased a dispersion 
owing to the free liposomes is measured. 

Liposomes have an equal number of charges on both 
external and internal surface, so the complete neutrali- 
sation by the DNA charges at a liposome-DNA molarity 
ratio close to unity implies the breaking of the liposome 
monolamellar structure during the interaction, and 
probably the subsequent formation of multilamellar 
structures. This interpretation seems to be in agreement 
with the model proposed by Radler et al. [14]. 

Using the Mandel model we analysed the dispersion 
of DNA exhibited by samples up to a liposome-DNA 
molarity ratio of about 0.9. The persistence length, b, 
obtained from the relaxation frequency (Eq. 1 of the 
model) shows an increasing trend (Fig. 2a). This implies 
a structural effect on free DNA induced by the part 
bonded to the liposomes. This increase in b denotes a 
greater rigidity of the stretches of DNA exposed to the 
solvent, when a part of the polyelectrolyte is linked with 
the liposome. 

In Eq. 2 of Mandel model the DNA concentration 
assumes, in our case, the significance of free DNA 
concentration. We calculated this free DNA concentra- 
tion by the experimental dielectric increments, using the 




Fig. 3 Circular dichroism spectra of DNA at different LjD molarity 
ratios. The lipid background was subtracted for each spectrum 



values of the persistence length, b, obtained from the 
relaxation frequency. The results are shown in Fig. 2b. 
As can be seen, the fraction of free DNA goes to zero as 
the ratio of the DOTAP-DNA molarities goes towards 
unity. 

From CD measurements (Fig. 3) in the UV region a 
change in the spectra of the complexed DNA was 
recorded. This confirms that the interaction with lipo- 
somes induces an effect on the structure of DNA. Note 
that in DS the signal is due to charged groups of free 
DNA, while the CD spectra give information on the 
global DNA structure. 



Conclusions 

Our results confirm that the link between cationic 
liposomes and DNA is direct and of an electrostatic 
nature. The maximum complexation is at electroneu- 
trality as reported in the literature. Finally an interest- 
ing structural effect on DNA was evidenced by our 
measurements. When the biopolymer is partially bond- 
ed to liposomes, its free stretches exposed to solvent 
appear rigider with an increase in the persistence 
length. 
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Abstract A number of A-alkylaldo- 
namides, i.e., nonionic saccharide- 
based surfactants such as A-alkyl-A- 
methylgluconamides, A-alkyl-A- 
methyllactobionamides and A-alkyl- 
A,A'-bis[(3-D-aldonamidopro- 
pyljamines were evaluated for envi- 
ronmental responses. All the N- 
alkylaldonamides were screened for 
antimicrobial activity against select- 
ed gram-positive {Staphylococcus 
aureus PCM 1944, Sarcina lutea 
PCM 1947, Bacillus subtilis PCM 
1949, gram-negative (Escherichia 
coli PCM 2057, Serratia marcescens 
PCM 549, Pseudomonas putida PCM 
2124) bacterial strains and some 
fungi (Saccharomyces cerevisiae, 
Penicillum eitrinum, Aspergillus ni- 
ger). It was generally recognized that 
the compounds tested were com- 
pletely inactive towards fungi. N- 
Alkyl-A-methylgluconamides and 
A-alkyl-A-methyllactobionamides 
were practically inactive towards the 



bacteria studied. On the other hand, 
dicephalic saccharide-based surfac- 
tants were active against gram-pos- 
itive cocci, much more strongly than 
the A-alkyl-A-methylaldonamides. 
Using the closed-bottle test (OECD 
guideline 30 ID), the biodegradabili- 
ty of these surfactants was deter- 
mined. A-Alkyl-A-methyl- 
aldonamides may be considered to 
be readily biodegradable by activat- 
ed sludge. The dicephalic surfactants 
studied showed slower biodegrada- 
tion rates and they may be consid- 
ered to be inherently biodegradable. 
Members of this class of saccharide 
surfactants exibit biological proper- 
ties needed for environmental ac- 
ceptance. 

Key words Nonionic surfactants • 
A-Alkyl-A-methylaldonamides • 
A-Alkyl-N,A-bis[(3-D-aldonamido) 
propyl] amines • Antimicrobial 
activity • Biodegradability 



Introduction 

Nonionic surfactants with a carbohydrate moiety such as 
a hydrophilic group (so-called saccharide- or sugar- 
derived surfactants) have attracted much attention 
for both biological and environmental reasons as they 
are highly biodegradable, nontoxic and biocompatible 
surface-active agents [1^]. They show interesting per- 
formance properties and have found many applications 
in detergents, dishwashing agents and personal care 
products [5, 6]. Among many saccharide-based surfac- 



tant structures those containing an amide group in their 
molecules have recently been investigated, i.e., A-alka- 
noyl-A-methylglucamines [1, 7, 8] and A-alkyl-A-meth- 
ylaldonamides [9-11]. A-Alkanoyl-A-methylglucamines 
have already been commercialized [8] and their environ- 
mental properties have been determined [12]. There is a 
lack, however, of antimicrobial and biodegradability 
data of A-alkyl-A-methylaldonamides. 

Recently, we synthesized three series of A-alkylaldo- 
namides: A-alkyl-A-methylgluconamides (C„-MGA), 
A-alkyl-A-methyllactobionamides (C„-MLA) (Fig. 1) 
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Fig. 1 Structures of A^-alkyl- 
A^-methylaldonamides 
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[13, 14] and A^-alkyl-N,A^-bis[(3-D-aldonamido)pro- 

pyljamines of dicephalic type (C12-DGA, -DOHA, 
-DLA, Cn-DLA) (Fig. 2) [15, 16]. In this contribution 
we report the antimicrobial and biodegradability prop- 
erties of these compounds. 



Experimental 

Materials 

All the saccharide-based surfactants tested were synthesized as 
described previously [13-1 6]. The bacterial strains used for deter- 
mination of the antimicrobial activity were obtained from the 
Polish Collection of Microorganisms (PCM). The activated sludge 
biomass used in the tests was from a municipal sewage plant 
located near Wroclaw. 

Measurements and procedures 
Antimicrobial activity 

The antimicrobial activities of the A-alkylaldonamides and the 
nonionic conventional oligooxyethylenated alcohols were evaluat- 
ed by the agar dilution method [17]. Nutrient agar and mycological 
agar were used for bacteria and fungi, respectively. 

The gram-positive bacterial species were: Staphylococcus aureus 
PCM 1944, Sarcina lutea PCM 1947 and Bacillus sub tills PCM 
1949. The gram-negative bacterial species •were:Escherichia coli 
PCM 2057, Serratia marcescens PCM 549 and Pseudomonas putida 
PCM 2124. The fungal strains were Saccharomyces cerevisiae, 
Penicillum citrinum and Aspergillus niger. The incubation was 
carried out for 48 h at 37 °C for gram-positive bacteria or 72 h at 
28 °C for the other species. 

Biodegradability 

The biodegradability of the A-alkylaldonamides as well as of the 
conventional oxyethylenated alcohols was examined using the 
closed-bottle test according to OECD test guideline 30 ID using 
acivated sludge [18]. The theoretical oxygen demand (TOD) was 
calculated according to International Standard ISO 9408 (annex A) 
[19]. The biodegradation was calculated by the following formula: 



Biodegradation(%) = (BOD/TOD) x 100 , 
where BOD is the biochemical oxygen demand. 



Results and discussion 

A-Alkyl-A-methylgluconamides (C„-MGA), A-alkyl- 
A-methyllactobionamides (C„-MLA), and A-alkyl-N, 
A-bis[(3-D-aldonamido)propyl]amines (C 12 -DGA, 

-DGHA, -DLA, C 16 -DLA, Cig-DLA) constitute a group 
of nonionic surfactants which can be easily synthesized 
from renewable and low-cost raw materials [13-16]. They 
show, like oxyethylenated aliphatic alcohols, high sur- 
face activity as measured by their critical micelle 
concentration values [13-15], but in contrast to the latter 
their 0.1 wt% aqueous solutions do not show a cloud 
point up to the boiling temperature of the solutions [10, 
14, 15]. Their solubility is, however, limited as shown by 
their Krafft points. As expected the lactobionamides are 
better water-soluble compounds than the respective 
gluconamides [14, 15]. 



Antimicrobial activity 

Six A-alkyl-A-methylagluconamides and six A-alkyl- 
A-methyllactobionamides, differing in the alkyl chain 
length as well as five A-alkyl-N,A-bis[(3-D-aldonami- 
do)propyl]amines differing both in the alkyl chain length 
(C 12 , C 16 , Cig) and the sugar moiety (gluconamide DGA, 
glucoheptonamide DGHA, lactobionamide DLA) were 
screened for antimicrobial activity against various bac- 
terial and fungal strains. The antimicrobial activity of 
these amides was determined by means of their minimum 
inhibitory concentrations, which are the lowest concen- 
trations at which the tested microorganisms do not show 
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Fig. 2 Structures of A^-alkyl- 

N,A^-bis[(3-D-aldonamido) 

propyljamines 
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visible growth. All the surfactants tested were completely 
inactive towards the fungi investigated; S. cerevisiae, 
P. citrinum and A. niger up to a concentration of 512 mg/ 
1. Moreover, it appeared that the A-alkyl-A-methylgluc- 
onamides and the A-alkyl-A-methyllactobionamides 



were practically inactive towards the bacteria studied as 
well, which follows from the data collected in Table 1. 
The only exception is the weak activity observed for 
Cio-MGA against gram-negative bacteria and for Ciq- 
MLA against gram-positive bacteria. This is in accord 



Table 1 Minimum inhibitory 
concentration (mg/1) of N- 
alkylaldonamides 



Surfactant Microorganisms 



Gram-positive bacteria Gram-negative bacteria 





S. aureus 


B. suhtilis 


S. lutea 


E. coli 


S. marcescens 


P. putida 


C,o-MGA 


>512 


>512 


>512 


256 


512 


512 


C, 2 -MGA 


>512 


>512 


>512 


>512 


>512 


>512 


C, 4 -MGA 


>512 


>512 


>512 


>512 


>512 


>512 


C, 6 -MGA 


>512 


>512 


>512 


>512 


>512 


>512 


C, 8 -MGA 


>512 


>512 


>512 


>512 


>512 


>512 


Oleyl-MGA 


>512 


>512 


>512 


>512 


>512 


>512 


C,o-MLA 


512 


512 


256 


>512 


>512 


>512 


C, 2 -MLA 


>512 


>512 


>512 


>512 


>512 


>512 


C, 4 -MLA 


>512 


>512 


>512 


>512 


>512 


>512 


C, 6 -MLA 


>512 


>512 


>512 


>512 


>512 


>512 


C, 8 -MLA 


>512 


>512 


>512 


>512 


>512 


>512 


Oleyl-MLA 


>512 


>512 


>512 


>512 


>512 


>512 


C, 2 -DGA 


4 


512 


8 


>512 


512 


>512 


C, 2 -DGHA 


8 


512 


256 


>512 


512 


256 


C, 2 -DLA 


64 


512 


256 


>512 


512 


512 


C, 6 -DLA 


64 


512 


32 


512 


256 


>512 


C, 8 -DLA 


32 


512 


32 


512 


256 


>512 


C 10 E 4 


64 


64 


64 


>512 


>512 


>512 


C 12 E 5 


>512 


>512 


512 


>512 


>512 


32 
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with other observations which showed that the solubility 
of the surfactant is better the greater its bactericidal 
activity [20]. 

Dicephalic-type surfactants (C„-DGA, -DOHA, 
-DLA) showed, on the other hand, a broad spectrum 
of antimicrobial activity towards gram-positive cocci; 
S. aureus and S. lutea, much more strongly than the 
A-alkyl-A-methylaldonamides and the reference oxyeth- 
ylenated aliphatic alcohols did (Table 1). This may be 
explained by the fact that the dicephalic-type surfactants, 
irrespective of the two amide groups present in their 
molecules, are tertiary amines which behave in aqueous 
solutions like cationic surfactants [21]. It is worth 
mentioning that the antimicrobial activity of C 12 -DGA 
and C 12 -DGHA against S. aureus is similar to that of 
cetyltrimethylammonium bromide [20]. 

Biodegradability 

It has been reported that both alkyl polyglycosides [4] 
and alkyl glucamides [12] are completely biodegradable 
and show favorable ecotoxicological properties. For 
these reasons they do not constitute an environmental 
risk [4]. In the case of A-alkylaldonamides there is a lack, 
to our knowledge, of biodegradability and aquatic 
toxicity data. In this study, screening tests on ultimate 
biodegradation were performed according to OECD 
guideline 30 ID [18]. This is a closed-bottle test in which 
the BOD and the TOD are determined. The results 
obtained are shown in Table 2. From the data collected it 
follows that A-alkyl-A-methylgluconamides and N- 
alkyl-A-methyllactobionamides may be classified as 
readily biodegradable surfactants. This is in accord with 
the data of van Ginkel et al. [22], who reported that the 
oxyethylenated fatty amines and amides pass the level of 
60% ultimate biodegradation. The biodegradation rates 
of the A-alkyl-A-methylaldonamides studied are, how- 
ever, a little lower in comparison with those of oxyeth- 
ylenated aliphatic alcohols. 

The data obtained for dicephalic-type surfactants 
differ substantially from those of A-alkyl-A-methylaldo- 
namides (i.e., C„-MGA and C„-MLA) (Table 2). Their 
biodegradation rates are markedly slower than those of 
A-alkyl-A-methylaldonamides. This may be understand- 
able when taking into account that these surfactants are 
tertiary amines whose biodegradation takes place at 
slower rates [23, 24]. Nevertheless, they may be classified 
as inherently biodegradable surfactants. 



Table 2 Biodegradation of A^-alkylaldonamides 



Surfactant 


Theoretical 

oxygen 

demand 

(gO/g) 


Biochemical 

oxygen 

demand 

(gO/g) 


Biodegradation 

(%) 


Cio-MGA 


2.02 


1.3 


64.4 


C12-MGA 


2.12 


1.6 


75.5 


C14-MGA 


2.21 


1.6 


72.4 


C16-MGA 


2.29 


1.5 


65.5 


C18-MGA 


2.36 


1.5 


63.5 


Oleyl-MGA 


2.33 


1.5 


64.3 


Cio-MLA 


1.75 


1.0 


57.1 


C12-MLA 


1.84 


1.2 


65.2 


C14-MLA 


1.91 


1.2 


62.8 


C16-MLA 


1.99 


1.2 


60.3 


C18-MLA 


2.05 


1.2 


58.5 


Oleyl-MLA 


2.03 


1.2 


59.1 


C12-DGA 


1.80 


0.7 


38.8 


C12-DGHA 


1.74 


0.4 


22.9 


C12-DLA 


1.60 


0.9 


56.2 


C16-DLA 


1.74 


0.6 


34.4 


C18-DLA 


1.70 


0.5 


29.4 


C10E4 


2.33 


2.07 


88.8 


C 12 E 5 


2.48 


2.13 


85.8 



Conclusions 

1. A-Alkyl-A-methylgluconamides (C„-MGA) and N- 
alkyl-A-methyllactobionamides (C„-MLA) were prac- 
tically inactive towards the bacteria studied. The 
dicephalic-type saccharide-derived surfactants 
showed a broad spectrum of antimicrobial activity 
only towards gram-positive cocci, much more strong- 
ly than the A-alkyl-A-methylaldonamides did. 

2. All the surfactants tested were completely inactive 
towards the fungi studied, S. cerevisiae, P. citrinum 
and A. niger, up to a concentration 512 mg/1. 

3. A-Alkyl-A-methylgluconamides (C„-MGA) and N- 
alkyl-A-methyllactobionamides (C„-MLA) may be 
considered to be readily biodegradable. Their biodeg- 
radation rates are, however, a little lower than those 
of oxyethylenated aliphatic alcohols. The dicephalic- 
type surfactants studied showed slower biodegrada- 
tion rates than A-alkyl-A-methylaldonamides. 

4. The surfactants studied seem to fulfill the require- 
ments of green chemistry to be environmentally safe. 
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Abstract The gelatin content in 
graphite-gelatin composites was de- 
termined from the difference in the 
mass of graphite particles before and 
after the treatment with gelatin and 
by thermogravimetric analysis. It 
was found that the content of gela- 
tine has a maximum at those pH 
values of gelatin solution which 
correspond to the isoelectric point of 
gelatin. The result is correlated with 
previous findings concerning gelatin 
adsorption on various substrates as 
a function of pH. The “hairy” 
structure of gelatin allows deposition 
of different types of small particles 



(e.g. carbon black) and, under ap- 
propriate conditions, may lead to 
the formation of thick (0.3 /rm) and 
dense layers. On the basis of the 
good adsorption of gelatin on 
graphite surfaces, we prepared an- 
odes for lithium accumulators. In 
graphitic anodes, gelatin serves both 
as a binder between particles and as 
a surface modifier, which leads to 
lower irreversible losses of charge 
owing to anode passivation. 

Key words Gelatin • Adsorption • 
Particle deposition • Lithium-ion 
batteries 



Introduction 

Gelatin is a product that has been used for hundreds of 
years. In recent decades it has been extensively used in 
the food, photographic, and pharmaceutical industries. 
[1]. Gelatin is produced by the acid or alkali denatur- 
ation of collagen which originally forms a triple helix, 
consisting of three associated left-handed helices [2]. It is 
well known that gelatin is an amphoteric polyelectrolyte 
which contains both acidic and basic amino groups 
which, in solution, transform into the corresponding 
negatively and positively charged groups. In water, 
gelatin can form structures such as random coils or 
random coils with a collagen-folded structure. The 
structure depends mainly on the amino acid composi- 
tion, the concentration of the gelatin, and on temper- 
ature and pH of the solution [1^]. In many instances 
gelatin is used as a stabilizer in both colloidal disper- 
sions and emulsions. In the present contribution we 
show some examples of gelatin use in electronic 
components. 



Materials and methods 

TIMREX SFG44 special graphite obtained from TIMCAL (Sins, 
Switzerland) was used for the preparation of anode composite 
materials. The Brunauer-Emmett-Teller (BET) surface of this 
material is 4.2 m^/g and the average particle size is 44 fim (data 
supplied by TIMCAL). Gelatin was used as the surface modifier 
and the binder of the carbon particles in the anode preparation. 
Medium gel power gelatin, 180 g Bloom, type A, derived from 
pigskin was obtained from Fluka no. 48722 (Fluka Chemie, Buchs, 
Switzerland). Two types of surfactants were used; cationic surfac- 
tant cetyltrimethylammonium bromide (CTAB), Aldrich 
no. 85,582-0 (Aldrich, Milwaukee, Wiss., USA) and anionic 
surfactant sodium di(isooctyl)succin-L-sulfonate (AOT, Cytec In- 
dustries, West Paterson, N.J., USA). Metallic lithium foil (0.75-mm 
thick) was obtained from Alfa Aesar (Johnson Matthey, Karlsruhe, 
Germany). For comparison, classical graphitic anodes with 5 wt% 
Teflon as a binder were prepared according to a procedure 
described elsewhere [5]. 

The charge density was determined by charge-compensating 
polyelectrolyte titration using a KOLB (Chem. Fabrik, Dr. W. 
Kolb, Hedingen, Germany) charge detector and a 665 Dosimat 
(Metrohm, Herisau, Switzerland) titrator. The method is based 
on a stoichiometric reaction between a polycation and a polyanion 
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Fig. 1 a Charge density as a function of pH for gelatin type A. 
b Gelatin content in graphitic anode material as function of pH. The 
curve represents average values of a series of thermogravimetric and 
gravimetric determinations. The maximum error bar is indicated at 
pH 9 



[6, 7]. AOT (0.002 M) and CTAB (0.002 M) were used as the 
standard anionic and cationic polyelectrolyte solutions, respective- 
ly. The charge density data were normalized to 100% solids in the 
solution and were expressed in milliequivalents of positive or 
negative charge per mass unit of gelatin. 

The gelatin content in the graphite-gelatin composites was 
determined from the difference in the mass of the graphite particles 
before and after the treatment with gelatin and by thermogravi- 
metric analysis. Thermogravimetric analysis was performed in the 
temperature range from 30 to 700 °C in an air flow of 18 1/min and 
at a heating rate of 10 °C/min using a Mettler TA 3000 apparatus 
(Mettler, Switzerland). 

The electrochemical tests were performed using a laboratory- 
made three-electrode testing cell as described elsewhere [5]. The 
working electrode was a graphite electrode prepared as described 
previously, while the counterelectrode and the reference electrode 
were made of metallic lithium. The electrolyte used was a 1 M 
solution of LiPFft in EC:DMC (1:1 ratio) as received from Merck 
(Darmstadt, Germany). The electrochemical measurements were 




Fig. 2 First charge of the anode prepared from the gelatin-pretreated 
graphite particles and of the conventional graphite anode prepared 
with Teflon as a binder. The current density was 50 ^Acm“^ 
(corresponding to about C/7). The irreversible loss is roughly related 
to the difference between the charge needed for intercalation and 
deintercalation of lithium into and out of the graphite anode 



carried out using a Solartron 1286 electrochemical interface 
(Solartron Mobrey, UK). The constant current during cell cycling 
was 50 nK (corresponding to C/7), while the geometrical surface 
area of the working electrode was always 0.5 cm^. 



Results and discussion 

The shape of gelatin has a significant influence on gelatin 
adsorption. An important parameter which controls the 
shape of gelatin macromolecules is the pH value of the 
gelatin solution during adsorption. It has been found 
(Fig. 1) that the adsorption of gelatin on graphite has a 
maximum at those pH values of gelatin solution at which 
gelatin has low charge density, viz., near the isoelectric 
point (lEP). The maximum content of gelatin in graph- 
ite-gelatin composites was found to be 1.7 wt%, which 
corresponds to 4 mg gelatin per 1 rr? graphite if the BET 
surface is used for the calculation. This value is within the 
range 1-6 mg/m^, i.e., the range found in studies of 
adsorption of different kinds of gelatin onto different 
substrates [8]. As shown by Kamiyama and Israelachvili 
[4], near the lEP gelatin is not expanded owing to the 
electrostatic attraction between the positively and nega- 
tively charged groups of adjacent segments. 

The fact that the maximum adsorption of gelatin 
occurs near the lEP was already demonstrated in our 
previous work [9], in which adsorption of gelatin on 
printed circuit boards used in the electronics industry was 
studied. It was assumed that after gelatin adsorption, the 
loops and the tails of the gelatin molecules were sticking 
out into the solution. Eater on, this was confirmed in a set 
of experiments [10] in which atomic force microscopy 
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was used to clarify the nature of gelatin adsorption. 
Presumably, the “hairy” structure of gelatin serves as a 
steric stabilizer of a colloidal dispersion. Furthermore, 
the gelatin-modified surface of a substrate can attract 
many kinds of particles because gelatin contains many 
kinds of active groups; cationic, anionic and nonionic. 
However, the properties of gelatin are not sufficient if we 
want to form a thick carbon black layer on a substrate - 
one also has to to optimize the properties of the carbon 
black dispersion using surfactants and salts [11]. The 
surfactant is not only needed to keep the particle 
suspension stable, but it also swells the polyelectrolyte 
layer to a higher distance from the surface. By contrast, 
the salt controls the electrostatic properties of the 
particles in the dispersion which screen the electric field 
of the surfaces [10]. Under such conditions, the deposi- 
tion (sometimes called the “substrate-induced deposi- 
tion”) of thick and rinse-proof coatings can only occur 
on modified substrate surfaces, but not on other surfaces, 
and, of course, coagulation cannot occur in the bulk 
dispersion. At the end of deposition, the deposited layers 
of carbon black may reach a thickness of the order of 
0.3 /im. Such coatings can be used as a starting point for 
subsquent electroplating of copper [12, 13]. 

Gelatin-modified graphite particles can also be used 
for preparation of electrodes in lithium rechargeable 
batteries. One obvious role of gelatin is that it can act as a 
binder between carbon particles. Gelatin is a more 
efficient binder than polymers, such as Teflon or 
poly(vinylidene difluoride), so only 1 wt% of gelatin is 
needed to bind carbon particles into the anode; if Teflon 
is used, one needs at least 5 wt%. We have discovered a 



second, even more important role of gelatin in carbon 
anodes. It is well known that strong passivation of the 
carbon anode in the first cycle is one of the drawbacks of 
lithium accumulators. The strong passivation means 
large irreversible losses of lithium because the lithium is 
used for chemical reaction instead of for storage of 
charge. The first charge-discharge cycle of a classical 
carbon anode is compared with the cycle obtained using 
a gelatin-pretreated carbon anode in Fig. 2. If carbon 
black is pretreated, the irreversible loss drops to more 
than 40% of the theoretical capacity. It seems that 
gelatin molecules induce the formation of a more 
uniform and, hence, thinner passive film during battery 
cycling. A thinner film means that less lithium is 
consumed for the chemical reaction of passivation. 



Conclusions 

The use of gelatin in surface pretreatment can be 
recommended because it has good adsorption properties. 
The “hairy” structure serves as an adhesion agent for 
depositing different types of small particles and, under 
appropriate conditions, may lead to the formation of 
thick (0.3 jum) carbon black layers. In lithium accumu- 
lators, gelatin can serve as an effective binder and, 
beyond that, as an initiator for nucleation in passive film 
growth. 
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Abstract A microgel system has 
been characterized by measuring the 
size (by photon correlation spec- 
troscopy) and the electrophoretic 
mobility in different conditions. The 
microgel particles are poly(A-iso- 
propylacrylamide) cross-linked with 
A,A'-methylene bisacrylamide, and 
the anionic charge of this system is 
increased by copolymerization with 
2-acrylamido-2-methylpropane sul- 
phonic acid. Both the electropho- 
retic mobility and the hydrodynamic 
diameter of the particles were 



measured as a function of pH and 
electrolyte concentration. Although 
a weak charge was detected by 
titration, no trend was observed for 
the size or mobility against pH 
variations. In order to apply Ohshi- 
ma’s electrophoretic theories for soft 
particles to fit the mobility data, the 
swelling behaviour of the particles 
was taken into account. 

Key words Soft core-shell parti- 
cles • Swelling • Electrophoretic 
mobility 



Introduction 

Colloidal microgels are considered as a model for 
understanding soft particles (i.e. hard spheres covered 
with a layer of polyelectrolytes), and are also of great 
interest and importance in many industrial applications 
[ 1 , 2 ]. 

In this work, a basic characterization and size and 
electrophoretic mobility measurements have been car- 
ried out for core-shell microgel particles. First, 
titration yielded both strong and weak charge; how- 
ever, the influence of the latter could not be detected 
later; no trend was observed for the size or the 
mobility against pH variations. Next, the size and the 
mobility were measured as a function of electrolyte 
(NaCl) concentration. Finally, Ohshima’s electro- 
phoretic theory [3] for soft particles was applied 
to fit the experimental data. Very good agreement 
was obtained when the charge density was calcu- 
lated considering the measured variable shell size and 
when the drag coefficient, 2, was considered to be 
discontinuous. 



Materials and methods 

The colloidal system used in this work is a poly(A-isopropyl- 
acrylamide) (polyNIPAM) microgel, which was synthesized using 
2-acrylamido-2-methylpropane sulphonic acid (AMPS) as como- 
nomer, A,A'-methylene bisacrylamide (BA) as cross-linker and 
amonium persulphate (APS) as initiator [4]. The monomers 
(3.974 g NIPAM, 0.383 g AMPS, 0.21 g BA) were dissolved in 
300 ml distilled water and dry N 2 was bubbled for 15 min; 0.21 g 
APS was added and the reaction was allowed to proceed for 5 h 
at 70 °C and 350 rpm. After the synthesis the microgel was 
filtered through glass wool and then cleaned by dialysis over 
several days [5]. 

As the particles swell in a good solvent, the particle diameter 
(transmission electron microscopy) was measured in different 
conditions, obtaining values from 313±33nm (standard condi- 
tions) to 105 ±9 nm (when the temperature of the sample was 
60 °C and the NaCl electrolyte concentration was 0.5 M). The 
particle size was also obtained by photon-correlation spectroscopy 
(PCS) as a function of pH and electrolyte concentration with a 
Malvern Zetamaster S device. This device is also used for the 
electrophoretic mobility measurements, which were also carried 
out as a function of pH and electrolyte concentration. The sizes 
and the mobilities were taken as the average of at least ten 
measurements, considering their standard deviation as the experi- 
mental error. 



181 



Results 

The particle charge is assumed to be uniformly distrib- 
uted in the shell. Figure 1 shows the forward and back 
conductimetric titration, which gave a strong-acid den- 
sity charge of 129 ±15 /iEq/g and a weak-acid density 
charge of 240 ±80 /rEq/g. For comparison, the surface 
charge density for a polystyrene latex of 20 ^C/cm^ and 
280-nm diameter gives a lower value, around 40 /iEq/g. 
The origin of the weak-acid charge is not clear. First, all 
the chemicals used in the synthesis were of analytical 
grade and the cross-linker was also recrystalized, so no 
residuals of acrylic acid were expected. On the other 
hand, carboxyl groups might originate from sulphate 
groups (from the initiator) in two ways: when a Kolthoff 
reaction takes place [6], hydroxyl groups appear that can 
be finally oxidized into carboxyl groups; and directly 
from the oxidation of sulphate groups for high temper- 
atures and long reaction times [7]. For our experimental 
conditions the generation of these groups is not very 
probable [8]. Finally, some authors have reported the 
appearance of a weak charge as a consequence of the 
cleaning process when dialysis is used [9]. 

To test the possible influence of this weak charge on 
the electrokinetic and swelling behaviour, size and 
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Fig. 1 Forward (triangles) and back (squares) titration curves of the 
microgel, with 20.8 mM Nad and 44.2 mM HCl solutions, respec- 
tively 



mobility measurements as a function of pH were carried 
out; no clear trend was found in either case. These results 
are shown in Figs. 2 and 3. The buffer solutions were 
adjusted to keep the ionic strength constant in both cases 
(the electrical conductivity of the suspension was 200 /tS/ 
cm). The particle size (PCS) is plotted against pH for 
three temperatures in Fig. 2. No trend is observed with 
pH variation, but the influence of temperature and 
electrolyte concentration is clearly seen. Higher temper- 
atures and/or higher electrolyte concentrations mean 
lower sizes. The dotted lines are the average sizes for each 
set. The influence of electrolyte concentration is shown 
for the highest temperature, 45 °C. When no buffer is 
used, fhe pH values required are obfained directly, and 
no electrolyte is added to equalize the ionic strengths, so 
the electric conductivity of the samples is lower (100 /rS/ 
cm) and thus the measured size is bigger. The same 
happens for all temperatures. 

The mobility data versus pH obtained for 25 °C are 
shown in Fig. 3. The dotted line is the average mobility 
value, and for all cases deviations from it are all small 
and within the experimental error. We can conclude that 
changes in pH, and thus in the total particle charge, do 
not affect considerably the electrophoretic mobility or 
the particle size. 

The experimental and theoretical electrophoretic 
mobility data versus electrolyte (NaCl) concentration 
for 25 °C are shown in Fig. 4. In order to explain these 
results, Ohshima’s theory for soft particles was used [3]. 
From the general mobility expression, one of the limiting 
cases leads to the following equation [10]; 




pH 



Fig. 2 Particle diameter (photon-correlation spectroscopy) against pH 
for 25 °C (triangles), 35 °C (circles) and 45 °C (squares) for the same 
ionic strength (200 /iS/cm). The open squares are particle diameters for 
45 °C and a lower ionic strength (100 /iS/cm). The dotted lines stand 
for the average diameter of each set 
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Fig. 3 Electrophoretic mobility against pH for 25 °C. The dotted line 
is the average value 




Fig. 4 Electrophoretic mobility against NaCl concentration for 
25 °C. The lines are theoretical fits (see text) 



fireolAo/'Cm + lApON/^ ^M , Pfix 

r] 1/Km + ^ \a) r])? 

where r] is the viscosity, eq is the vacuum dielectric 
permittivity and that relative to the medium, pfix is the 
uniform volume charge density in the polyelectrolyte 
shell and the ). is the drag coefficient (1/1 is referred to as 
the softness parameter) related to the frictional coeffi- 
cient of the polyelectrolyte layer y: 




( 2 ) 



The function fidja) varies from 2/3 to 1 as the thickness 
of the shell, d, increases with respect to the core radius, a\ 






1 

2(1 TJ/a) 




( 3 ) 



Km can be interpreted as the Debye-Hiickel parameter of 
the shell, k being the Debye-Hiickel parameter: 




( 4 ) 



Finally, i/'don is the Donnan potential in the shell and i//q 
is the “surface” potential (i.e. the potential in the limit 
between the particle and the solution) [11]. 

Equation (1) holds when 1, la S> 1, Kcf » 1 and 
Xd > 1. 

In most experimental contributions where Eq. (1) is 
used to fit mobility data, the fit parameters p^x and 1 are 
considered to be constant for a fixed temperature over 
the whole range of electrolyte concentrations [12, 13]. We 
show in Fig. 5 how the theoretical prediction from 
Eq. (1) can change when a variable charge density is 



Fig. 5 Influence of particle size 
on theoretical electrophoretic 
mobility. The tines are calcula- 
tions with Eq. (1), considering a 
constant charge density {dotted 
tine) or a variable charge den- 
sity depending on size {solid 
tine). Inset, particle diameter 
against NaCl concentration for 
25 °C 
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Table 1 Charge density, pfjx, and drag parameter, a , for theoretical 
data in Fig. 4 





Pfix 




^2 


Dotted line 


44 X 10" C/m^ 


8 X 10'^ m“‘ 


8 X 10^ m“‘ 


Solid line 


Depending 


8 X 10'^ m“‘ 


20 X 10^ m“' 




on size 







considered. The two mobility curves in Fig. 5 are 
obtained in the following way. If the charge density 
is taken to be constant, the mobility theoretically 
obtained is the dotted line (pflx = 10"^ C/m^, 
A = 5 X 10^ rn“'); however, it has been shown here that 
the particle size changes with electrolyte concentration, 
so the shell charge density must decrease if the particles 
swell and vice versa. The inset shows specifically the 
particle size as a function of electrolyte concentration, 
and with this information the charge density can be 
calculated from the total titrated value, qi, and shell size; 
Pfix = ^x/Fsheii- When this quantity is used in Eq. (1), the 
mobility obtained is the solid line. There is still one more 
consideration to fit the experimental mobility data. The 
drag parameter, a, depends on the volume fraction of 
polymer in the shell, so some changes are expected as a 
consequence of size variations. The behaviour predicted 
for A in our conditions, according to Brinkman and 
Cohen-Stuart models [14, 15], is basically a step function, 
the discontinuity being a steep increase around 1 mM, so 
two 1 values should be considered. 



With all these facts considered, we can go back to 
Fig. 4, where the theoretical curves are obtained as 
follows. The dotted line is obtained with constant charge 
density (obtained from titration and medium shell size) 
and constant A value, which is left as a fit parameter. The 
solid line is obtained as explained before, with a variable 
Pfix and two a values, Ai and A 2 , as parameters. All of 
them are listed in Table 1. 

Within the range of validity of Eq. (1), the agreement 
with experimental data has been improved with the 
consideration of the influence of particle size changes in 
the shell charge density and drag parameter. 



Conclusions 

A core-shell microgel system has been characterized by 
measuring the size and the mobility as a function of pFI 
and electrolyte concentration. The weak-acid charge 
detected seems to have no influence on the size or the 
mobility, because no trends were detected with pFI 
variation. The experimental mobility data were fitted 
using Ohshima’s theory, and a good prediction was 
obtained when the particle size was taken into account 
for the charge density calculation. 
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Abstract The formation of nano- 
emulsions has been studied in water/ 
mixed nonionic surfactant/oil sys- 
tems using two emulsification meth- 
ods. In one method, the composition 
was kept constant and the tempera- 
ture was changed (phase-inversion 
temperature, PIT, method), while in 
the other method, water was added 
dropwise to a solution of the mixed 
surfactants in oil at constant tem- 
perature (method B). The droplet 
size and stability were determined as 
a function of surfactant mixing 
ratio, JVi, at 25 °C. The droplet size 
of nano-emulsions obtained by the 
PIT method is practically indepen- 
dent of JVi and falls in the range 
60-80 nm. In contrast, the droplet 
size of nano-emulsions prepared by 
method B, is highly dependent on 
JVi and varies between 60 and 



300 nm. At Wi values where the PIT 
or the hydrophile-lipophile balance 
temperature (Thlb) of the system is 
close to 25 °C, the droplet sizes of 
the nano-emulsions are similar for 
both emulsification methods. There 
are three equilibrium phases of the 
latter compositions; an aqueous 
micellar solution or oil-in-water 
microemulsion (Wm), a lamellar 
liquid-crystalline phase and an oil 
phase (O) in addition, these nano- 
emulsions showed higher kinetic 
stability than those with lower 
values (higher Thlb) and consisting 
of two liquid phases (W^ + O). 

Key words Nano-emulsions • 
Emulsification • Phase-inversion 
temperature • Hydrophile-lipophile 
balance temperature • Mixed non- 
ionic surfactant 



Introduction 

Emulsions are thermodynamically unstable liquid/liq- 
uid dispersions formed, generally, by water, oil and 
surfactant mixtures [1, 2]. The type of emulsion that 
forms in a water/poly(oxyethylene glycol) alkyl ether 
surfactant/oil system is highly dependent on tempera- 
ture. At low temperatures, the surfactant is mainly 
soluble in water giving rise to emulsions of the oil-in- 
water (O/W) type. These emulsions separate into two 
liquid phases; an aqueous micellar solution or oil-in- 
water microemulsion (W^) and an excess oil phase (O) 
(Winsor I system). At high temperatures, the surfactant 
is preferentially soluble in oil and the emulsions are of 



the water-in-oil (W/0) type. Two phases are also 
present at equilibrium; an aqueous phase (W) and a 
reverse micellar solution or W/0 microemulsion phase 
(Om) (Winsor II system). At an intermediate temper- 
ature, the so-called hydrophile-lipophile balance (HLB) 
temperature (Thlb) or the phase-inversion temperature 
(PIT), the hydrophilic-lipophilic properties of the 
nonionic surfactant are balanced [3]. At the HLB 
temperature, a transition from O/W to W/0 emulsions 
takes place. The emulsions consist of three liquid 
phases in single-surfactant systems at this temperature; 
excess water and oil phases and a bicontinuous 
microemulsion phase (D) (Winsor III system) [4-6]. It 
is well know that emulsions showing Winsor III phase 
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equilibria, (e.g. near or at the 7 "hlb) are very unstable 
owing to the extremely low values of the interfacial 
tension between the different phases [7-11]. In a mixed 
nonionic surfactant system, the hydrophilic-lipophilic 
properties are dependent on the surfactant mixing ratio 
at constant temperature. In the dilute region of these 
systems, the structure of the third phase may be a 
bicontinuous microemulsion [4, 6] or a liquid-crystal- 
line phase [12, 13]. 

Nano-emulsions are a class of emulsions with a 
droplet size in the range 50-500 nm and have attracted 
a great deal of attention in recent years because of their 
wide range of practical applications [14-16]. Nano-emul- 
sions are, generally, stable against sedimentation or 
creaming, owing to their small droplet size. The main 
ageing process in nano-emulsion destabilization is usu- 
ally Ostwald ripening [17, 18]. In Ostwald ripening the 
larger droplets grow at the expense of smaller droplets 
owing to the different Laplace pressure in droplets of 
different sizes. The Ostwald ripening rate, according to 
the Lifshitz, Slezov and Wagner theory [19-21] is given 
by oj = dr^/dt = 8CocyVmDI9pRT, where r is the 
average droplet radius, t is time, y is the interfacial 
tension, D and C^o are the diffusion coefficient and the 
solubility of the droplet phase material in the bulk phase, 
respectively, its molar volume, p is the density and T 
the temperature. This equation predicts a linear rela- 
tionship between P and t. 

We have reported, recently, nano-emulsion forma- 
tion in a water/technical grade nonionic surfactant/oil 
system, at certain W/0 ratios, when water is added 
stepwise to an oil/surfactant mixture [22]. However, 
when oil is added to water/surfactant mixtures, nano- 
emulsions are not obtained. These results could not be 
explained in terms of the equilibrium properties since 
the final composition of the emulsions was the same. It 
was suggested that the phase transitions during emul- 
sification could play a key role in nano-emulsion 
formation. In order to gain a better understanding of 
nano-emulsion formation, it was considered of interest 
to determine the relationship between the emulsifica- 
tion method, the nano-emulsion droplet size and 
stability in systems with mixtures of pure nonionic 
surfactant. 



Experimental 

Materials 

Homogeneous nonionics surfactants, tetraethylene glycol dodecyl 
ether (C12E4), tetraethylene glycol tetradecyl ether (C14E4), tetra- 
ethylene glycol hexadecyl ether (C 16 E 4 ) and hexaethylene glycol 
dodecyl ether (C 12 E 6 ) were supplied by Nikko Chemicals Co 
(Japan). «-Decane (purity above 99%) and NaCl (purity above 
99.5%) were obtained from Merck. Water was deionized by Milli- 
Q filtration. 



Methods 
HLB temperature 

7’hlb was determined by conductivity with a Crison model 525 
conductimeter, with a Pt/platinized electrode. The samples were 
prepared with an electrolyte solution (NaCl 10“^ M) instead of 
pure water. The conductivity of samples with different surfactant 
mixing ratios was measured as a function of temperature. 

Phase behavior 

Samples with different surfactant mixing ratios and constant total 
surfactant concentration of 5 wt% and a W/O ratio of 80:20 were 
prepared and sealed in vials. The samples were stirred and kept in a 
thermostatted bath at 25 °C until equilibrium was reached. The 
presence of liquid-crystalline phases was detected by using crossed 
polarizers. 

Emulsion formation 

The emulsions were prepared by two low-energy emulsification 
methods (Eig. 1). In the PIT method the sample is kept at Thlb 
and the O/W emulsion is obtained by quickly lowering the 
temperature to 25 °C. In method B, water is added little by little 
with agitation to a solution of surfactant plus oil at a constant 
temperature of 25 °C. 



(c^:4+c.2EJ 




Fig. 1 Schematic representation of two emulsification methods: 
phase-inversion temperature (PIT) and method B 

Droplet size 

The emulsion droplet size was determined by dynamic laser light 
scattering (Malvern 4700). 

Stability 

The emulsion stability was assessed by measuring the emulsion 
droplet size as a function of time at 25 °C. 





186 



Results and discussion 

Thle and emulsion type 

Conductivity plots as a function of temperature are 
shown in Fig. 2 for one of the systems studied, water/ 
(C16E4 + Ci2E6)/decane, at three values of the surfac- 
tant mixing ratio, fFi (defined as the weight fraction of 
the most lipophilic surfactant over the total surfactant). 




Temperature / "C 

Fig. 2 Conductivity as a function of temperature for the system 
(aqueous solution 10 “^ M NaCl)/Ci6E4 + Ci2E5/decane. W /0 = 
80 : 20 , 5=5 wt% 

Independently of the system, the features of the conduc- 
tivity curves are similar; as the temperature increases, the 
conductivity initially increases slightly and then experi- 
ences an abrupt decrease to low values which is followed 
by an increase to intermediate values and a final decrease 
to very low values. The higher the JVi value the lower the 
temperature at which these drastic conductivity changes 
occur. Similar conductivity changes were described for 
the water/Ci2E4/decane system [23] and were related to 
the phase behavior of the system. Accordingly, the first 
drop in conductivity can be attributed to the formation 
of a lamellar liquid-crystalline phase and the following 
slight increase in conductivity to the formation of a 
bicontinuous microemulsion phase or an L3 phase. The 
overall conductivity changes indicate that emulsions 
invert from O/W to W/O via lamellar and bicontinuous 
phases. That is, the surfactant molecules change their 
affinity from water to oil or, in other words, the natural 
curvature of the surfactant changes from positive to 
negative through zero values of curvature [6, 24, 25]. In 
this work, Thlb is taken as the mean temperature 
between the maximum and minimum values of conduc- 
tivity. A linear relationship between Thlb and Wi for the 
three water/(CiE4 + Ci2E6)/decane systems studied, 
(=12, 14, 16, is shown in Eig. 3. As expected, Thlb 




Wi = CiE4/(CjE4+Ci2E6), i = 12, 14, 16 

Fig. 3 Flydrophile-lipophile balance (HLB) temperature, Thlb, as a 
function of surfactant mixing ratio, Wi 

decreases with the increase in the lipophilicity of the 
surfactant mixture [6, 12]. Since in water/nonionic 
surfactant/oil systems the emulsions are O/W below 
Thlb and W/O above it, the emulsions reported in this 
work are of the O/W type at 25 °C and at the surfactant 
mixing ratios considered. 



Emulsification and emulsion droplet size 

The emulsions were prepared according to the low- 
energy emulsification methods (PIT and method B) 
described in the Experimental section and shown sche- 
matically in Fig. 1. The droplet size of the emulsions 
obtained by the PIT method as a function of Wi is shown 
in Fig. 4. Independently of the system and the surfactant 




Fig. 4 Droplet size as a function of Wi obtained by the PIT 
emulsification method in water/(CiE4 + Ci2E6)/decane systems 
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mixing ratio, the nano-emulsions obtained by this 
method have similar droplet size (between 60 and 
80 nm). In contrast, the droplet size of emulsions 
obtained by method B depends on both the system and 
the surfactant mixing ratio (Fig. 5). Nevertheless, the 
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Fig. 5 Droplet size as a function of Wi obtained by emulsification 
method B in water/(CjE4 + Ci2E6)/decane systems 



tendency of the changes in droplet size versus IVi is 
similar: at low W\ (high hydrophilic surfactant content in 
the mixture), the droplet sizes are of the order of 1 50 nm; 
as Wi increases, the droplet sizes also increase reaching a 



maximum, after which they decrease to values around 
50 nm, of the same order as those obtained by the PIT 
method. The equilibrium phases present in the system are 
also indicated in Fig. 5. Emulsions belonging to the 
system with the most lipophilic surfactant, C12E4, consist 
of an O/W microemulsion phase (W^) in equilibrium 
with an excess oil phase (O) at all Wi studied. However, 
in the other two systems, water/(Ci4E4 + Ci2E6)/decane 
and water/(CigE4 + Ci2E6)/decane the phase equilibri- 
um at IVi values where the smallest droplet sizes are 
obtained, consist of a lamellar liquid-crystalline phase 
(Lo,) in equilibrium with and O phases. It could be 
thought that the presence of the E„ phase was the cause 
for the smallest values of the droplet size in nano-emul- 
sions obtained by method B. However, in the system 
with C12E4, although the droplet sizes are as small as in 
the other systems, the E^, phase is not present. The 
explanation of these results could lie in the fact that the 
Frlb values of the compositions giving the smallest 
droplet sizes are very close to 25 °C, the temperature at 
which the emulsions are prepared. 

Although the nano-emulsions obtained at composi- 
tions near Fhlb (IFi = 0.70 in C12E4 + C12E6, 
IFi = 0.55 in (C14E4 + C12E6) and IFi = 0.50 in 
(C16E4 + C12E6) mixtures) showed similar droplet size, 
the stability of those belonging to the (C12E4 + C12E6) 
system was considerably lower than nano-emulsions of 
the other two systems; therefore, the higher stability 
near the HLB temperature could be due to the presence 
of a liquid-crystalline phase. It has been reported that 
emulsion stability is very low at temperatures close to 
the HLB temperature owing to the low interfacial 
tensions achieved, which enhance thermal fluctuations 
on the monolayers [7-11]; however, it should be noted 
that it is true when only liquid phases are involved in 
the phase equilibrium. When a liquid-crystalline phase 
is present, the stability is considerably enhanced at the 
HLB temperature. The evolution of the droplet size as a 
function of time allowed us to estimate the nano-emul- 
sion stability. The radius, r, to the third power is plotted 
as a function of time for nano-emulsions obtained by 
the PIT method in water/(Ci4E4 + Ci2Ee)/decane and 
in water/(Ci6E4 + Ci2Eg)/decane systems at different 
W\ values in Eigs. 6 and 7. The linear variation of as 
a function of time indicates that the mechanism of 
instability can be attributed to Ostwald ripening. The 
Ostwald ripening rate obtained from the slope of the 
straight lines of Eigs. 6 and 7 is shown in Fig. 8 as a 
function of IFi. The phase equilibrium is also indicated 
in Fig. 8. The more stable nano-emulsions are those 
where a liquid-crystalline phase is present. In the system 
containing (C12E4 + Ci2Eg) mixtures, the Ostwald 
ripening rate was found to be about 2 orders of 
magnitude higher than that of the other two systems. 
Creaming followed by coalescence was also observed in 
that system. 
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Fig. 6 Variation of P with time in emulsions of the water/ 
(C14E4 + Ci2E6)/decane. system prepared by the PIT method 
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Fig. 7 Variation of P with time in emulsions of the water/(Ci6E4 + 
Ci2E6)/decane system prepared by the PIT method 



Conclusions 

Nano-emulsions were obtained in a mixed surfactant 
system by two low-energy emulsification methods, PIT 




W, = (CiE4)/(CiE4+C,2E6), i = 14, 16 

Fig. 8 Ostwald ripening rate as a function of Wi in emulsions of the 
water/(QE4 + Ci2E(,)/decane system, i= 12, 14, 16, obtained by the 
PIT method 



and addition of water to a surfactant and oil solution 
(method B). The droplet size of the nano-emulsions 
obtained by the PIT method (in the range 60-80 nm) is 
independent of Wi. In contrast, the droplet size in 
emulsification method B (in the range 60-300 nm) is 
highly dependent on Wi. 

Near where the equilibrium phases are 

(Win + L„ + O), nano-emulsions obtained by the two 
methods have similar droplet size. The most stable 
nano-emulsions were obtained in the vicinity of Thlb 
where the equilibrium phases are (W„i + + O). The 

main mechanism of destabilization of nano-emulsions 
belonging to the (W^ + O) region is Ostwald ripening. 
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Abstract The initial period of CdS 
film growth appears to strongly 
influence the quality of the final film. 
Scanning electron microscopy pic- 
tures of film grown by the flow of a 
supersaturated (in CdS) solution 
suggest that nuclei are continuously 
generated on the substrate and grow 
as discrete “surface” particles. With 
time, these growing particles grow 
and “coalesce” with neighbouring 
ones to create a continuous film. 
Similar growth patterns are also 



observed in the chemical bath de- 
position process. A simple model of 
the process is developed employing a 
“unit cell” approach, which is ca- 
pable of addressing issues such as 
the existence of an “induction peri- 
od” in film growth and its relation to 
supersaturation, in addition to pre- 
dicting film thickness growth. 

Key words Growth pattern • Film 
formation • Modelling • Initial 
growth 



Introduction 

CdS is widely used for junctions, buffers or passivation 
layers in thin-film photovoltaic devices. Among several 
available methods for preparing thin CdS films, the 
chemical bath deposition (CBD) process is considered to 
be quite reliable and economically attractive for large- 
scale applications. This process is usually based on the 
decomposition of thiourea in an alkaline solution 
containing a cadmium salt and a complexing agent such 
as ammonia [1^]. Although its implementation is 
relatively simple, the method has some drawbacks. 
Firstly, only a very small percentage of cadmium (present 
in the bath in ionic form) is converted to a film [5]. 
Secondly, a rather large concentration of ammonia is 
required, making the application of the method in 
industrial scale facilities problematic. Finally, another 
(perhaps less serious) limitation is the contamination of 
the CdS films by various impurities, which may adversely 
affect film quality and performance [6]. 

The prime objective of this work was the development 
of an alternative to the CBD process, which may be free 
of the previously mentioned drawbacks, by using a 
simpler chemical system. The method involves wall- 



crystallisation of CdS on glass or glass/Sn02 substrates 
by the flow of a solution of controlled supersaturation 
with respect to CdS. While pursuing our objective, it was 
recognised that the initial growth pattern of the CdS film 
(i.e. the shape and distribution of the initial nuclei 
formed and their growth) essentially determines the 
quality of the final film. Furthermore, it appears that the 
initial stages of film formation in the CBD process have 
certain similarities. Consequently, a second objective was 
set to simulate the evolution and growth on the substrate 
surface of the initial nuclei, which lead to the formation 
of the final film. This simulation will further aid the 
efforts to adequately model the CBD process [7] and 
other similar film growth processes. 



Experimental 

CdS films were grown on commercial glass and on Sn02-coated 
glass surfaces. Separately prepared solutions of cadmium and of 
sulphide ions, at fixed conditions (temperature, flow rate, concen- 
tration, ionic strength), were mixed continuously to form a 
solution supersaturated with respect to CdS, which was then 
pumped through a specially designed flow cell, as shown in the 
schematic diagram in Fig. 1. Two Plexiglas flow cells of rectangular 
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Fig. 1 Schematic diagram of 
the experimental setup 




cross-section were employed; a pair of glass substrates was 
accommodated in each test section, forming a channel with a 
uniform 2-mm gap. Two sizes of substrates were used: 4.7 x 7.5 
and 11x11 cm . Na 2 S was used as the source of sulphide ions, 
while several cadmium salts were tested [Cd(N 03 ) 2 , CdCl 2 and 
Cd(CH 3 COO) 2 ]. The sulphide solution (prepared just before each 
experiment) was standardised by a titrimetric method and the stock 
cadmium solution was standardised by inductively coupled plasma 
spectroscopy (PerkinElmer). Nitric acid was used for pH adjust- 
ment. In some experiments higher-ionic-strength solutions were 
employed by adding NaCl. In all the experiments, the supersat- 
urated solution after passing through the flow cells was brought to 
a pH of about 9 by the addition of a NaOH solution, in order to 
precipitate CdS. The liquid stream was then passed through a 
system of two commercial filters (5 and 1 ^m). The light 
absorbance of the water leaving the second filter was zero, 
implying that most of the particles were retained by the filter 
despite their small size. The Cd concentration in the efifluent was 
always less than 0.2 mg/1. 

The progress of bulk precipitation of CdS was monitored, 
through periodic sample withdrawal, by light absorbance measure- 
ments. The CdS-covered substrates were rinsed with distilled- 
deionised water after removal from the flow cell and allowed to dry 
under ambient conditions. Samples of CdS films were further tested 
as-grown and after annealing at 400 °C for about 30 min. The CdS 
layers and the coated glass substrates were assayed by X-ray 
analysis using a Siemens D500 diffractometer. The morphology of 
the films was examined by scanning electron microscopy (SEM) 
using a JEOL, JSM-840A unit. Average film thicknesses were 
measured using a DEKTAK 3ST profilometer. The degree of 
adhesion was assessed qualitatively by the “tape” test; i.e. a piece of 
common adhesive tape was placed on the film and then it was 
removed to check for attached particles. Eor the determination of 
sulphide speciation and the supersaturation ratio, S, defined as 
5 = ([Cd^^][S^“]/Aisp)'^^, the HYDRAQL code [8] was used with 
pXsp = 27.8, pfei = 7.02 and p^ 2 = 13.80. Several CdS film samples 
were also grown on Sn02-coated glass substrates using the 
currently favoured CBD process at 70 °C. 



Results and discussion of CdS film development 

Of the main process parameters (species concentration, 
pH, flow velocity, temperature) the pH appears to be the 



most significant, strongly affecting film development, 
adherence and film quality. Furthermore, in these 
experiments the pH is the main parameter controlling 
the supersaturation ratio. Using the continuous-flow 
process, rather uniform films can be produced on Sn 02 / 
glass substrates, with thickness between 200 and 500 nm. 
Thicker films could also be obtained. Under the same 
conditions, poor quality films were produced on com- 
mercial glass surfaces. The film quality depends on the 
solution conditions and especially on the supersaturation 
ratio, S. At low S values (typically less than 5) relatively 
large nuclei are formed on the substrate, which tend to 
increase with time. Although the “grains” formed seem 
to adhere quite firmly on the substrate (as seen under 
SEM and ascertained using the tape test), the surface 
coverage is rather poor even for long run times. At 
relatively high S values (S > 8), the grain size is 
relatively small, good coverage and thinner films can be 
obtained, but also numerous loose particles are observed 
on the film and the tape can remove part of the film. 
Thus, the best results are obtained only within a 
fairly narrow range of supersaturation ratios between 5 
and 8. 

In view of these results, attempts were made to employ 
different Cd salts and increased ionic strength and to 
expose the substrate (for a short period - typically 1 min) 
to a higher supersaturation. With this technique the rapid 
formation of numerous CdS nuclei on the substrate is 
possible; these can subsequently serve as film growth sites 
at lower supersaturation, where bulk precipitation does 
not occur. Consequently, thinner CdS films were ob- 
tained, but the adherence was not as satisfactory as in 
runs in the range 5 < S' < 8. The various Cd salts used 
did not appear to have a significant effect on the “grain” 
size of the CdS crystals initially formed on the substrate 
and, consequently, on the final film thickness. An 
increase in the temperature tends to increase mass 










192 



transfer, resulting in shorter times needed to prepare the 
layer and in smaller “grain” size, but the layers exhibit 
deterioration of adhesion characteristics. Increased ionic 
strength seems to improve adhesion, but at elevated 
temperature does not improve the layer to a sufficient 
degree. Finally, increasing the flow velocity (e.g. from 0.6 
to 1.5 m/s) tends to improve the adhesion characteristics, 
but again the “grain” size remains unaffected. The 
addition of NaCl appears to affect the morphology of 
the grains, although no effect on the X-ray diffraction 
pattern is detected. Annealing the specimen at 400 °C for 
about 30 min always improves adhesion, resulting also in 
a somewhat darker film. 

The type of glass substrate has a significant influence 
on the adhesion characteristics. The Sn02/glass sub- 
strates (used as received) favour coherent and well- 
adhering layers, while the deposition on commercial glass 
surfaces (used after cleaning) leads to loosely adhering 
films and to film destruction even with simple water 
rinsing. Additionally, cracks are observed on films grown 
on commercial glass, which further widen with annealing. 

By comparing diffractograms of an as-grown film on a 
Sn 02 /glass substrate and of the substrate itself, peaks 
characteristic of the hexagonal phase a-CdS (JCPDS 
card no. 41-1049) are observed. This phase is usually 
identified in CdS films produced via the CBD process [5]. 
Relatively low optical transmittance was measured in 
both the visible and the IR parts of the spectrum. 



because the CdS layers are relatively thick, exceeding 
200 nm. 

Scanning electron micrographs were used to examine 
and elucidate the incipient growth of CdS crystals on the 
glass substrate. The formation of a CdS layer on a Sn02/ 
glass substrate at various times is depicted in Fig. 2 for a 
supersaturation ratio of S=6. Almost from the very 
beginning spherelike CdS grains are observed on the 
substrate, having a diameter smaller than about 100 nm. 
By tilting the scanning electron microscope stage, these 
crystals appear to be spherical sections (caps) with a 
“contact angle” smaller than 90°, reminiscent of a liquid 
droplet on a horizontal substrate. The initial nuclei grow 
with time, while new ones are also formed, at least during 
the initial stage when the substrate is not fully covered. 
On the other hand, this “contact angle” is greater than 
90° in the case of a commercial glass substrate. Conse- 
quently, it appears that the shape of these initial nuclei/ 
particles influences the adhesion characteristics of the 
final film. 

SEM micrographs of CdS films grown via the CBD 
method for short times are shown in Fig. 3. Although the 
pictures are not very clear, the growth patterns of films 
from the two methods appear similar, despite the smaller 
size of the initial “nuclei” and the higher particle density 
on the substrate in the CBD method. Similar SEM 
pictures of films grown via the CBD method are often 
found in the literature [9]. 



Fig. 2 Scanning electron mi- 
croscopy micrographs of CdS 
films on glass/SnOa obtained by 
a once-through flow process 
[Na2S/Cd(N03)2, pH 1.72, 0.05 
N NaCl]: a 2 min; b 8 min; 
c; and d 45 min 
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Fig. 3 CdS thin film via the 
chemical bath deposition pro- 
cess: a 1 min; b 9 min. Condi- 
tions: [Cd^'"] = 0.01 M, 

[TU] = 0.014 M, [NH3] = 2 M, 
70 °C 




Simulation of the incipient film growth and morphology 

The initial stages of film growth are very important and, 
as discussed previously, it appears that they strongly 
influence the quality of the final film. The SEM 
micrographs of the evolving film at several time periods 
reveal some very interesting features. As observed in 
Figs. 2 and 3, nuclei are continuously generated on the 
substrate and grow initially as discrete “surface” parti- 
cles. This is not usually taken into account when using 
classical crystallisation theory (for data interpretation or 
modelling), which assumes a uniform film growth layer 
by layer [10]. With time, the “surface” particles grow and 
“coalesce” with each other to create a continuous film. 
The experiments suggest that the surface nucleation rate 
is a function of the supersaturation and substrate 
material, whereas the shape of the “surface” particles 
(i.e. the contact angle between the particle and the 
substrate) depends only on the substrate material. 

A simple model of the process is developed in the 
present work. The fixed particles are considered to grow 
via a surface reaction mechanism. It is further assumed 
that the surface diffusion is so fast that the new mass is 
redistributed in order to preserve the particle spherical- 
cap shape with the prevailing contact angle. When the 
boundaries of growing neighbouring particles reach one 
another, the constraint on the contact angle does not 
apply and the particle-particle contact angle is free to 
evolve. The simplicity of the model is due to the 
spherical-cap shape of CdS, but it is expected that 
qualitatively similar behaviour will prevail for crystals 
with the same degree of isotropy (e.g. calcite rhombohe- 
dral crystals [1 1]). On the other hand, the initial stages of 
film growth may be quite different for crystals with a high 
degree of anisotropy, such as those of CaS 04 [12]. It is 
interesting that the classical theories of mononuclear and 
polynuclear layer-by-layer growth can be obtained from 
the simple model by selecting appropriate values for the 
“contact angle”, (f), as well as for nucleation and growth 
rates. In particular, the limiting case of small cp and very 



large ratio of growth to nucleation rate corresponds to 
mononuclear growth, whereas small cp in connection 
with low or medium values of the ratio correspond to 
polynuclear growth. 

In general, the surface nucleation may be time- 
dependent, but the study of the two extreme cases of 
instantaneous (site-saturated) nucleation and the con- 
stant nucleation rate is sufficient for understanding the 
process. The study of these two extreme cases is typical in 
the literature of phase transition in solids, where a 
problem arises similar to the present one but in three 
dimensions [13]. Although the experimental data 
(Figs. 2, 3) reveal that the constant nucleation rate mode 
most probably dominates, attention is focused here on 
the much simpler case of instantaneous nucleation. 
However, even this simpler case can demonstrate wheth- 
er this approach is worth pursuing and is capable of 
explaining the experimental results, for example, the 
existence of an induction period. 

In the case of instantaneous nucleation, it is easy to 
implement a “mean field” theory based on the “unit cell” 
concept which has been used extensively in the study of 
fluid mechanics of particulate systems. The total sub- 
strate area is allocated equally to the existing number of 
nuclei. The area “belonging” to each nucleus is assumed 
to be circular, with the particle evolving within, thus 
comprising a “unit cell”. In principle, by studying the 
evolution of the “unit cell” one can derive the macro- 
scopic properties of the system. The evolution of the film 
thickness in the unit cell and the definition of relevant 
parameters (contact angle, cp, and unit cell radius, a) are 
shown in Fig. 4. The way in which the film passes from 
the discrete surface-particle state to the uniform/contin- 
uous one is clear, a is related to the nuclei surface 
concentration. A, as a= 

By employing the previous assumptions for the 
growth mechanism of particles on the interface and using 
simple geometrical arguments, the following expressions 
for the evolution of the mean film thickness, h, 
(which is actnally the experimentally obtained qnantity) 
result. 
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Fig. 4 Schematic of lateral and normal growth of initial nuclei. After 
x = a, growth occurs only in a direction normal to the surface 
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In order to assess the reliability of the “unit cell” 
approach, a direct Monte Carlo simulation of the process 
for the case cp = n/2 was made. The main difference 
between the two approaches is that the unit cell is 



assigned a specified distance between the nuclei, whereas 
the direct simulation corresponds to a random distribu- 
tion of this distance. Flowever, the unit cell approach 
may be more appropriate for cases where interactions 
between nuclei exist. For example, in diffusion-dominat- 
ed growth, the concentration field around a growing 
particle prohibits the generation of new nuclei. The 
comparison between the two approaches is shown in 
Fig. 5. At a first glance, it appears that the unit cell 
approach is incapable of adequately simulating the film 
growth process; furthermore, by proper selection of the 
area corresponding to each nucleus (size of the unit cell) 
perfect matching can be achieved. It is finally concluded 
that the unit cell model gives the correct result by 
assigning a nucleus surface density 40% smaller than the 
real one. A more important conclusion, however, is that 
(apart from the need for an apparent nucleus density) the 
unit cell approach provides the correct qualitative 
behaviour. This is shown in Fig. 6, where the evolution 
of the film thickness for various values of the contact 
angle is plotted. The existence of an “induction time” in 
the film growth is more pronounced in the case of large 
contact angles (poor film-substrate adherence). For 
small contact angles (good adherence) the film growth 
pattern tends to be perfectly linear as the classical theory 
predicts. In Fig. 7 a comparison is made between the unit 
cell approach and a set of experimental data of Oladeji 
and Chow (curve a in Fig. 4 in Ref. [4]) in which the 
existence of an induction time is obvious. The growth 
rate, k, is estimated from the linear part of the curve and 
the value for N is 12 nuclei//im^ . The qualitative 
agreement between theory and experiment is very good, 
but a greater induction time is needed for the model to 
perfectly match the data. This is expected since in reality 
the nucleation rate is nearly constant and it can be shown 




Fig. 5 Comparison between “unit cell” model and Monte Carlo 
simulation for (j> = n/2 
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Fig. 6 Film growth evolution for various values of the contact angle 

that the constant nucleation case is associated with 
induction times longer than the instantaneous one. 



Conclusions 

With a once-through flow process, it is shown that it is 
possible to produce good-quality CdS films having a 
thickness larger than 200 nm. The main parameter 
affecting the deposition characteristics is the supersatu- 
ration ratio. The best results (concerning coverage and 
adherence of the layer) are obtained for supersaturation 
ratios between 5 and 8. As in other film growth processes, 
the nuclei appear to be continuously generated on the 
substrate, to grow as discrete particles and to coalesce 
with each other. A simple model is developed, which is 



Fig. 7 Comparison between experimental results of CdS film growth 
via the chemical bath deposition process [4] and “unit cell” model 
predictions for q> = 2n/6 



capable of addressing key issues, such as the existence of 
an induction time in film growth and its relation to 
supersaturation, which cannot be predicted by using 
classical approaches. The same approach could be 
extended to include more realistic models of transient 
nucleation and more sophisticated (than “particle in 
cell”) spatial interaction models between the “surface” 
particles. The ultimate objective of this approach is to 
incorporate the structural surface growth submodel in a 
general kinetic model [7] in order to obtain information 
on film quality in addition to film thickness. 
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Abstract A study was made of the 
effect of addition of chitosan on 
the rheology of acidified milk gels. 
The milk gels were made from 
skimmed milk powder and were 
acidified at 43 °C until pH 4.5 was 
reached. Glucono-<5-lactone or two 
starter cultures, differing in the vis- 
cosity of the final product, one 
culture producing exopolysaccharide 
were used. Set- and stirred-type milk 
gels were studied, both with and 
without chitosan. Dynamic low am- 
plitude oscillatory rheological mea- 



surements were made during 
acidification, following gelation, and 
after 2-days storage at 5 °C. Dy- 
namic rheology showed interesting 
differences between the elastic mo- 
duli of those milk gels with chitosan 
added and those prepared without. 
The syneresis and the effective vis- 
cosity after 2 days were compared 
for gels with or without chitosan. 



Key words Yoghurt • Chitosan • 
Rheology 



Introduction 

Fermented milk products are produced throughout the 
world, with yoghurt being the most popular. The 
popularity of these products is due in part to various 
nutritional benefits that have been associated with them. 
In yoghurt production, the culture, usually a mixture of 
Lactobacillus delbruckii subsp. bulgaricus and Strepto- 
coccus salivarius subsp. thermophilus, transforms lactose 
into lactic acid. The resultant decrease in pH lowers the 
net negative charge of casein micelles and dissolves the 
colloidal calcium phosphate associated with the micelles. 
This colloidal destabilisation of the micelles leads to 
aggregation, leading to the formation of a gel. 

Two different cultures were used in this study. Both 
are mixtures of L. delbruckii subsp. bulgaricus and 
S. salivarius subsp. thermophilus. One culture is the more 
traditional type while the second culture produces an 
exopolysaccharide (EPS). This culture is described as a 
“ropy” culture. In general, the use of a ropy culture 
enhances the viscosity of yoghurt, influences gel strength 
and can prevent gel fracture and wheying off. 



In commercial yoghurt production two types are 
found; set, where the yoghurt is fermented in the retail 
cups and cooled without disturbance of the gel, and 
stirred, where the milk is fermented in vats and then 
stirred, thus breaking the gel, and packaged. 

The lack of reproducibility introduced by the use of 
bacterial fermentations has led many researchers to use 
alternative methods for acidification to study the nature 
of acid milk gels. A method frequently used is the 
hydrolysis of glucono-d-lactone (GDL) to gluconic acid 
[1, 2]. The rate of acidification is different between milk 
acidified with GDL and bacterial cultures. GDL is rapidly 
hydrolysed to gluconic acid, whereas with cultures the pH 
does not change very much initially, but decreases quickly 
later in the fermentation. The final pH attained in GDL- 
induced gels is a function of the initial GDL concentra- 
tion, whereas bacteria can continue to produce acid until a 
very low pH (e.g. below 4.0) is attained. However, in 
practice, bacterial activity can be stopped by rapid 
cooling when the required pH is reached. 

In recent years much work has been done to improve 
the texture of fermented milk products. Whey-separa- 
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tion, or the appearance of liquid (whey) on the surface of 
a milk gel, is a common and unwanted sight in 
fermented milk products. Syneresis is defined as shrink- 
age of a gel causing an expulsion of liquid. The addition 
of milk solids has been shown to improve the texture of 
yoghurts [3, 4]. Besides this, work has focused on the use 
of thickeners and stabilisers to increase viscosity and 
reduce syneresis. K-Carrageenan and pectins have been 
shown to improve the texture in yoghurt [5, 6]. More 
recently work has been done on the addition of gelatin 
[7], where it was found that the yoghurts with added 
gelatin exhibited more solidlike behaviour than those 
without. 

Chitosan, a polysaccharide derived from chitin found 
in the exoskeletons of crustaceans and fungi, is a 
heteropolymer of /l(l-4)-linked glucosamine and 
A^-acetyl-D-glucosamine units. This polymer has been 
shown to exhibit interesting association and gelling 
properties in aqueous solution [8, 9]. Recently attention 
has been focused on chitosan as a dietary fibre. Also if 
exhibits anticholesterolemic properties and a capacity to 
bind to fatty acids and bile acids [10]. In this study 
chitosan was modified fo be water-soluble. Chitosan 
needs conditions of pH < 6.3 to be soluble (milk typically 
above 6.3). To this end, the chitosan was hydrobromi- 
nated to be soluble at the milk pH. 

This study focused on the rheological properties of 
acidified milk gels in fhe presence of different concentra- 
tions of chitosan hydrobromide. The milk gels were 
acidified chemically using GDL and in the more tradi- 
tional bacterial method. Two cultures were used: a 
traditional type (YC 460) and a high-molecular-weight 
EPS-producing culture (YC 191). Gelation of both milk 
gel types was followed by pH and rheological measure- 
ment. At the end pH (4.5) the yoghurts were stirred and 
stored for 2 days, whereafter they were subjected to 
rheological examination, and the syneresis and the 
effective viscosity were measured. The GDL milk gels 
were monitored only during acidification (not studied 
after 2 days). 



Materials and methods 

Preparation of chitosan hydrobromide 

Chitosan hydrobromide was prepared by the method of Domszy 
and Roberts [11]. Chitosan (Aldrich, Milwaukee, Wis., USA) 
(low molecular weight, 75-85% deacetylation) was dissolved in 

0.2 M HBr and 9 M HBr was added with vigorous stirring to 
precipitate the hydrobromide salt. The resultant slurry was 
centrifuged (5000 rpm) for 30 min and the supernatant decanted. 
The chitosan hydrobromide was filtered off, washed with 
methanol until the filtrate was neutral to litmus, then washed 
with several portions of ether and air-dried. When dry it was 
slurried in methanol for 10 min and filtered. This was repeated 
three times, then the product was washed with ether and dried in 
a vacuum desiccator. 



Preparation of GDL-induced milk gels 

The milk was reconstituted from skimmed milk powder (Glanbia, 
Waterford, Ireland) at a 14% (w/w) concentration of solids in 
distilled water. For all the tests the same batch of skimmed milk 
powder was used. The reconstituted milk was heat-treated for 
20 min at 85 °C, then cooled. 

Chitosan hydrobromide was allowed to dissolve in the milk 
overnight at concentrations of 1 and 3 wt%. The milk was heated 
to 43 °C. GDL (2.1 wt%) was added to the samples while 
stirring. The samples were stirred for 5 min, then the pH was 
monitored throughout acidification, while maintaining the tem- 
perature at 43 °C. When the pH reached 4.5 the samples were 
cooled to 5 °C. 



Preparation of yoghurt 

The procedure for yoghurt had to be modified slightly as it was 
prepared on a larger scale. As it was difficult to see if the chitosan 
was dissolved fully, it was predissolved and the solution was added 
to the milk. 

Chitosan hydrobromide was dissolved in distilled water and 
heated to 85 °C for 20 min, then allowed to cool to 43 °C. The milk 
was reconstituted from skimmed milk powder in distilled water to 
give a final concentration of 14% solids (after addition of chitosan 
solution). The milk was heated to 85 °C for 20 min in 41 culture 
vessels and 100 ml bottles, then allowed to cool to 43 °C. The 
chitosan solution was added to the milk at concentrations of 0.05, 
0.1, 0.2% (w/v) and stirred for 10 min. The culture vessels (at 
43 °C) were inoculated with the cultures consisting of S. thermo- 
phitus and L. hulgarius (YC 460, YC 191, Chr. Hansen, Horsholm, 
Denmark) at a concentration of 0.02%. When the yoghurt reached 
a pH of 4.5, the culture vessels were removed from the waterbath 
and the yoghurt was stirred for 2 min at 500 rpm and for 3 min at 
450 rpm, then cooled to 10 °C, put into pots and stored at 5 °C. 



Rheology 

Rheological measurement of gelation 

Rheological measurements were carried out using a Rheometric 
Scientific rheometer (SR 2000). The couette was pre-set to the 
fermentation temperature (43 °C). Inoculated sample (20 ml) was 
poured into the couette. The yoghurt samples were taken 30 min 
after bacterial inoculation, whereas the GDL-inoculated samples 
were taken after 5 min stirring after addition of GDL. The gelation 
was monitored using low-amplitude oscillation until pH 4.5 was 
reached. At this stage the gels were of the set type. 

A test sequence was run to examine the gel once pH 4.5 was 
reached. This comprised 

1. Dynamic temperature ramp: 0.16 Hz, 0.5% strain, tempera- 
ture rate of 0.05 °C/min from 43 to 5 °C. 

2. “Mini” strain sweep: 0.16 Hz, 0.01-0.5 strain. 

3. Frequency sweep: 0.5% strain, 0.005-10 Hz. 

4. “Full” strain sweep: 0.16 Hz, 0.01-20% strain. 

The tests were at low-oscillation amplitude, thus not harming the 
gel, apart from the last strain sweep, which measured the yield 
strain of the gel. 



Rheological measurement after 2 days (yoghurt) 

The couette was preset to 5 °C. Yoghurt (20 ml) was poured into 
the couette. A test sequence was run to examine the stirred-type gel 
after 2-days storage at 5 °C: 
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1. Time sweep: 0.16 Hz, 0.5% strain, 60 min. 

2. “Mini” strain sweep: 0.16 Hz, 0.01-0.5% strain. 

3. Frequency sweep: 0.5% strain, 0.005-10 Hz. 

4. “Full” strain sweep: 0.16 Hz, 0.01-20% strain. 

The test sequence was repeated after the yoghurt had been kept at 
20 °C for 5 h to examine the dependence of the gel strength on 
temperature. 

Viscosity by the funnel flow test 

The method used is adapted from the Posthumous method. Three 
pots of yoghurt were mixed together, stirred gently and kept at 20 °C 
for 5 h. The yoghurt was poured into the calibrated funnel, with the 
outlet closed. The outlet was released and the time for the yoghurt to 
pass between two markers was measured. The test was repeated. 

Syneresis by centrifugation 

Four pots of yoghurt were mixed together and stirred gently. The 
yoghurt was poured into four preweighed centrifuge tubes. The 
tubes were centrifuged at 1400g for 20 min at 6 °C. The superna- 
tant (separated whey) was suctioned off and the tubes reweighed. 
The weight to weight percentage syneresis was then calculated. 



Results and discussion 

The acidification of the milk gels was monitored by the 
pH. The chosen end point of the acidification process was 
pH 4.5. At this stage both milk gel types, i.e. chemically 
and bacterially acidified gels, were immersed in cold 
water (5 °C) to stop the acidification. The yoghurt, 
however, was stirred before cooling to break the gel 
structure and then stored for 2 days to allow any recovery 
of the gel structure. Gel formation was monitored at 
43 °C by dynamic rheology during acidification, giving 
G', G"-time curves. Once pH 4.5 was reached in the bulk 
gel, the gel (still in Couette unstirred) was subjected to a 
set of rheological tests to test the strength of the gel, 
which was the set type at this stage. Initially the gel was 
cooled to 5 °C, then strain and frequency sweeps were 
carried out. The final test, called a “full” strain sweep, 
tested the yield strain to break the gel. 

The stirred yoghurts were stored at 5 °C. These were 
then characterised as to syneresis, viscosity and rheolog- 
ical properties. 

GDL-induced gels 

A GDL concentration of 2.1 wt% was chosen to imitate 
yoghurt formation, taking 4-5 h to reach pH 4.5. 
Addition of chitosan did not affect the final pH reached 
nor the time taken for it to be reached. The gel formation 
was followed by measuring the dynamic moduli {G' and 
G") as a function of time (Fig. 1). 

Gelling began immediately both with and without 
added chitosan. Adding 0.1% chitosan hydrobromide 
made little difference to the gel strength as indicated by the 
elastic modulus, G' . However 0.3% chitosan hydrobro- 



mide lowered the gel strength considerably. Cooling the 
gels from the fermentation temperature to 5 °C resulted in 
an increase in G' in all the gels, although the increase was 
most pronounced with the chitosan-added gels. This can 
be seen from the frequency sweeps after cooling (Fig. 2), 
where G' of the 0.1% chitosan product exceeded that of 
the chitosan-free product by an order of magnitude. 



Yoghurt gel formation 

Two yoghurt cultures were examined, one a traditional 
commercial type (YC 460) and the second an EPS- 
producing culture (YC 191). Typically YC 191 takes 
longer to reach the chosen endpoint of pH 4.5 than YC 
460 (above 7 h versus about 4.5 h). For YC 460 the pH 
drops very gradually in the beginning stage. After a lag 
phase, the rate of the pH change increases. There is a 
slight plateau where the pH levels off, then drops steadily 
again, slowing slightly towards the end at pH 4.5. 
Addition of chitosan hydrobromide to yoghurt YC 460 
marginally lowered the initial pH of the milk (6.3 to 6.2). 
It also caused a lengthening of the fermentation time, 
with the pH reducing at a much slower rate than for the 
standard yoghurt (Fig. 3). Overall, the fermentation time 
rises with increasing chitosan concentration, up to a 
threefold time increase with 0.2% chitosan hydrobro- 
mide. The same trend was seen with YC 191, i.e. chitosan 
did not change the pH profile, but lengthened it 
considerably (not shown). 

The gel formation was followed by measuring the 
dynamic moduli {G and G") as a function of time. Added 
chitosan hydrobromide had a pronounced effect on the 
gelation profile of the yoghurt. The formation of the gel 
network began much later in the chitosan-added yoghurt 
than in the standard yoghurt, as can be seen in Fig. 4. G' 
rose rapidly at the onset of gel formation. After the rapid 
increase G levelled off and increased at a much slower 
rate until pH 4.5 was reached (Fig. 4a). Addition of 
chitosan caused the onset of gel formation to occur later, 
but overall the gelation profile was similar to the 
standard product. For YC 191 the same trend can be 
seen, with chitosan lengthening the fermentation time by 
a factor of 3 for the product with 0.2% added chitosan. 
There is a difference with the 0.05% chitosan. The rapid 
G increase does not follow the other chitosan concen- 
trations as with YC 460, bnt stands alone between the 
standard YC 191 and the yoghurts with higher chitosan 
concentration added (Fig. 4b). 

The yoghurts were cooled in the rheometer and the 
dynamic moduli followed. For both YC 460 and YC 191, 
G and G" increased with decreasing temperature. The G 
values were higher for 0.2% chitosan hydrobromide, 
with 0.05% lowest. G followed the same trend 
(0.2 > 0.1 > 0.005) in frequency sweeps and strain sweeps 
for both YC 460 and YC 191. 
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After 2-days storage rheological measurements as those following gelation. 

In addition the estimate of the viscosity was examined, 
After 2-days storage at 5 °C, the yoghurts were examined whereby the time taken for a fixed volume of yoghurt to 
using similar dynamic low-amplitude-oscillatory pass through a funnel is a measure of the viscosity of the 




Fig. 1 Fermentation profile of 2.1 wt% glucono-i5-lactone (GDL) 
milk gel: no added chitosan (circles), 0.1% chitosan hydrobromide 
(squares), 0.3% chitosan hydrobromide (triangles). All gelation was 
monitored at 0.01 Hz and 0.05 Pa 




Fig. 3 pH profile of YC 460 following fermentation to pH 4.5: no 
added chitosan (circles), 0.05% chitosan hydrobromide (squares), 
0.1% chitosan hydrobromide (up triangles), 0.2% chitosan hydrobr- 
omide (down triangles) 




Fig. 2 Frequency sweep of 2.1 wt% GDL milk gel: no added chitosan 
(circles), 0.1% chitosan hydrobromide (squares). Frequency sweep 
from 0.005 to 10 Hz at 0.5% strain 




Fig. 4 Gelation profiles following G' of a YC 460 and b YC 191: no 
added chitosan (circles), 0.05% chitosan hydrobromide (squares), 
0.1% chitosan hydrobromide (up triangles), 0.2% chitosan hydrobr- 
omide (down triangles). All gelation was monitored at 0.01 Hz and 
0.05 Pa 
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Table 1 Funnel flowtimes and syneresis of yoghurts YC 460 and 
YC 191 after 2-days storage 



Chitosan (%) Funnel flowtime (s) 


Syneresis (%) 




YC 460“ 


YC 191“ 


YC 460'’ 


YC lOC 


0 


42 


127 


39 


41 


0.05 


48 


48 


44 


45 


0.1 


34 


40 


45 


47 


0.2 


19 


25 


50 


51 



^Standard deviation typically less than 0.3 (within one production 
batch). Replicates typically within 2 s for different productions of 
yoghurt 

Standard deviation typically less than 0.2 (within one production 
batch). Replicates typically within 2% for different productions of 
yoghurt 

sample. Because of the high-molecular-weight EPS 
produced by the ropy culture, YC 191, its flowtimes are 
approximately 3 times that of YC 460 (130 versus 40 s). 
Adding 0.05 wt% chitosan hydrobromide to YC 460 
caused an increase in the flowtime, but each increase in 
the chitosan hydrobromide concentration lowered the 
flowtime thereafter (Table 1). A more striking difference 
was seen with YC 191 by the addition of chitosan 
hydrobromide. The flowtimes were lowered threefold at 
all chitosan concentrations, reaching those of YC 460. 
This implies that the ropy nature of the yoghurt was 
counteracted by the addition of chitosan. 

The rheological measurements were done in conjunc- 
tion with the viscosity measurements, i.e. the yoghurt was 
examined directly out of storage at 5 °C and again after 
5 h at 20 °C. After 5 h the yoghurt was examined in the 
couette at 5 °C, so the time sweep included the cooling of 
the yoghurt from 20 to 5 °C. In general, the frequency 
dependence of the dynamic moduli of the different 
yoghurt gels was similar. The moduli increased with 
increasing frequency between 0.005 and 10 Hz. G' was 
substantially higher than G" in all cases. Comparing the 
yoghurts, the elastic modulus is highest for the standard 
yoghurt, with G' decreasing with each addition of 
chitosan hydrobromide. This is seen in both YC 460 
and YC 191. 

G' of YC 460 of all chitosan concentrations is shown 
as a function of strain in Fig. 5. The four yoghurts 
showed linear behaviour in the range between 0.01 and 
1.5%. After 1.5% strain, a slight decrease in G' was seen, 
while G" remained fairly constant, indicating partial 
breakdown of the elastic structure. A rapid decrease at 
3% (standard YC 460) or 4% (yoghurts with chitosan) 
was then seen in G'. G' and G" crossed over, indicating 
the full elastic structure of the material had broken down. 
The yoghurt now becomes a predominantly viscous 
rather than an elastic material. This behaviour was also 
seen with YC 191. 

The susceptibility to syneresis for these yoghurts was 
established by high-speed centrifugation, which gives an 




% strain 



Fig. 5 Strain sweeps of YC 460 after 2-days storage at 5 °C: no added 
chitosan (circles), 0.05% chitosan hydrobromide (squares), 0.1% 
chitosan hydrobromide (up triangles), 0.2% chitosan hydrobromide 
(down triangles). Tests carried out at 5 °C at 0.16 Hz, from 0.01 to 
20% strain 

indication of the spontaneous syneresis which would be 
seen over long time periods. This syneresis was expressed 
as the percentage of the weight of removed supernatant 
(whey) relative to the original weight of the yoghurt. 
Typically, a nonropy culture is less susceptible to 
syneresis, i.e. YC 191 > YC 460. Addition of chitosan 
hydrobromide caused the syneresis to increase in both 
cultures, with YC 191 staying consistently higher than 
YC 460 (Table 1). 



Discussion 

Addition of chitosan to acidified milk gels has different 
effects, depending on the method of acidification. 
Chemically acidified milk gels, i.e. induced by GDL, 
behave as expected when adding a gelling polysacchar- 
ide. Increasing the chitosan concentration increases the 
gel strength as seen with G'; however acidifying with 
bacteria proves to be very different. The fermentation 
time lengthens considerably, as seen in the pH and 
rheological profiles. The frequency dependence of GDL 
and bacteria-induced gels also differs. Adding chitosan 
increases G' for GDL-induced gels, whereas G' decreases 
with increasing chitosan concentration. It is believed the 
reason for the differences is due to the bacteria them- 
selves. Bacteria cell walls are generally negatively 
charged. Chitosan, being a cationic polysaccharide, 
could interact with the bacteria. The chemically acidified 
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gels have no such negative charge for the chitosan to bind 
to, thus no lengthening of the fermentation time, and the 
chitosan can just act as a gelling agent. 

Future work will include examining these yoghurts 
using electron microscopy. The effect of adding chitosan 



on isolated bacterial colonies grown on agar is currently 
being investigated. 
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Abstract Microscopic imaging of 
single particles is a powerful tool to 
investigate the local structure of 
colloidal suspensions. For single- 
particle identification with high-res- 
olution microscopy the resolution 
power is limited by refraction to 
roughly the wavelength of light. In 
this case the depth of sharpness is on 
a scale of less than this limit. For this 
reason the simultaneous observation 
of particles in two or more layers of 
a colloidal crystal seems to be im- 



possible. We report a method with 
which we can image more than one 
particle layer in dilute colloidal sus- 
pensions with preserved resolution. 
The analysis of the images obtained, 
in particular for the investigation of 
crystal layer motion in sheared col- 
loidal crystals, is discussed. 

Key words Colloidal suspensions 
Particle identification Microscopy • 
Depth of sharpness • Shear 
mechanism 



Introduction 

Colloidal suspensions show a wide range of different 
structures, like face-centred-cubic (fee) and body-cen- 
tred-cubic (bcc) crystal structures or a fluid structure in 
equilibrium [1] or a triangular layer structure (also 
named a hexagonal layer) for sheared suspensions [2, 3]. 
These structures are studied by static light scattering, 
neutron scattering [3] or small-angle X-ray scattering [4] 
as well as by Bragg microscopy [5], polarisation micros- 
copy [6] or high-resolution microscopy [7, 8] with single- 
particle resolution. For the scattering techniques the 
observation takes place in the corresponding reciprocal 
lattice and gives a description of the structure in a volume 
of about 1 mm^, depending on the scattering technique 
and ray optics. In this way scattering techniques yield an 
ensemble average over the observed volume. On the 
other hand, microscopic images contain real-space 
information, like crystal morphology for low-resolution 
microscopy or individual particle positions for high- 
resolution microscopy. The disadvantage of microscopy 
is the more or less 2D character of the resulting images 
caused by the small depth of sharpness. 



We describe here a technique to overcome the 
problem of the 2D images by combining inverse ultra- 
microscopy with a specially adjusted cover glass correc- 
tion. This yields images, which include information 
collected from several micrometres in the z-direction. 
To avoid problems of multiple scattering and back- 
ground scattering we used an optical plate-plate shear 
cell of variable but small gap width ^7= 10-1800 jum. For 
the same reason we decided to work with dilute 
suspensions with typical particle densities of « < 1 jum“' 
only. The resulting images of different structures occur- 
ring in sheared suspensions are discussed and the image 
analysis procedure to interpret the overall structure is 
described in detail to demonstrate the capabilities of this 
technique. We begin, however with a short description of 
the particles used and the preparation technique. 



Experimental 

Preparation 

The colloidal suspension used consists of polystyrene spheres 
of nominal diameter 2a = 301 nm (IDC, Portland, USA, batch 
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10-66-58) in water. We carefully characterised these and obtained a 
static light scattering radius of asLS = (155.5 ± 1.2) nm [9]. The 
titratable number of surface charges was N=2.3 x lO"* and the 
effective charge from conductivity was Z*= 1980 [10, 11]. All 
sample conditioning follows procedures recently described in more 
detail [2]. The actual measuring cell was integrated into a closed 
tubing system. During conditioning, the suspension was pumped 
peristaltically through a set of devices allowing precise adjustment 
and in situ control of the interaction parameters, particle number 
density, n, and concentration of added salt, c. We further note that 
the concentration of residual impurities, in general, was negligibly 
small, cb < 10“^ mol r', and that the contamination with air- 
borne carbonate can be kept below 5 x 10^’ mol P' h“' [10]. At 
typical conditions of particle concentration n ~ 1 fim^^ and salt 
concentration c = 5 x 10“* mol P' residual uncertainties are of the 
order of 1 and 5%, respectively. We added H2CO3 by contam- 
inating the suspension with airborne CO2 [12]. 

The suspension was observed within an optical plate-plate shear 
cell of variable gap width (10-1800 jim) mounted on an inverted 
microscope (Leica DM IRB, Leitz, Wetzlar, Germany). The lower 
plate was a Pmm-thick quartz plate with a diameter of 60 mm. The 
upper plate was an 18-mm-thick quartz plate with a special design 
able to be assembled in a rotating bearing and to be sealed by a 
Viton O-ring connected to the aforementioned closed tubing 
system. Both have a planarity of less than z/4 in the observation 
volume with a 32-mm diameter. In this way the suspension can be 
sheared with different shear rates dependent on the rotation velocity 
and the gap width. A complete description is given elsewhere [13]. 

The aperture of the dry, long distance 63x objective (PL Fluotar 
L 63 X /0.7 corr PH2 00 /0.1-1.3/C; Leitz) used here collects light 
under angles 0 < 44.4°. It covers practically the whole range of 
plate-plate distances adjustable in the shear cell. Additionally, the 
objective allows an adaptation of the thickness of the cover glass 
used in the range from 0.1 to 1.3 mm for a standard cover glass. 
The resulting images were recorded digitally with a charge-coupled- 
device (CCD) camera (CV-MIO, Jai, Copenhagen, Denmark) and 
stored as 8 bit grey level images in a computer for analysis. 

For high-resolution imaging we used a special kind of ultrami- 
croscopic illumination. Conventional ultramicroscopic images 
where taken with a dark-field illumination in the sense that the 
illuminating light passes the objective outside the collecting 
aperture of the objective and eliminating in this way scattered 
light of zero order [14]. On the basis of the special design of the 
upper plate mounted in the bearing and the high aperture of high- 
resolution objectives we had to modify this. Dark-field illumination 
is based on the fading out of nonscattered light of zero order. 
Illuminating the sample only from a restricted angular range and 
fading out this light by a central stop in the back focal plane of the 
objective also can eliminate zero order light. Note that parallel 
incoming light is collected in one point in the back focal plane; 
thus, the size of the central stop has to be adjusted to the aperture 
of the illuminating light. Usually the back focal plane is not directly 
accessible because of the compact type of construction of the high- 
quality objectives. We overcome this problem by using a central 
stop in front of the objective. In our case this was done by a special 
additional cover glass (thickness 0.17 mm, species bk7, Schott) with 
a silver coating of 1.3-mm diameter in the entrance pupil of the 
objective, which has a diameter of 4 mm. Thus, we collect light, for 
the depiction in air, under angles from 20.3° to 44.4° corresponding 
to an aperture for the central stop of 0.26 and 0.7 for the objective. 

To reduce the background intensity from multiple scattering 
and particles beyond the depth of sharpness the distance between 
the plates was adjusted to a small gap of 28 fim. 

Microscopic depth of sharpness 

For standard microscopy, the resolution is limited by refraction to 
/ = 0.61 a/ A and the depth of sharpness is limited to 7) = nXjlA^. The 



aperture A = n sin 0 {n is the refractive index, 0 is the exposed 
angle) is typical in the range of 1 for high-resolution imaging. For 
this aperture and a wavelength in the visible region around 
0.55 tim, as an example, the resolution limit is about 0.335 and 
the depth of sharpness is 0.275 jim, both in air. If we want to study 
colloidal suspensions we have to choose a particle concentration 
with a mean particle distance significantly above the resolution 
limit, for example 1 jiroT^. Because of the depth of sharpness, 
typically smaller than the resolution, microscopic imaging is like a 
2D picture of a small range in the z-direction. To examine 3D 
structures, like the triangular sliding layers in sheared colloidal 
suspensions or a crystal lattice, we have to expand the depth of 
sharpness to roughly 2 or 3 times the mean particle distance. Note 
that the main information gathered for our particles is the particle 
position. 

Our way to increase the depth of sharpness works as follows. 
The adjustable cover glass correction of our objective is calculated 
for a cover glass made of glass k5 (Schott, Germany), which is 
similar to the standard glass bk7. If we use a different glass, like 
quartz glass, we have to pay attention to the change in the 
refractive index, n{l). The offset, 8, for a beam, with angle tz to the 
vertical on the surface of the plate (in the following all angles are 
measured from the normal to the surfaces), going through a plate 
of thickness, d, (Fig. 1) is 



d tan (z — 


d tan 


arcsin ( 


^sin(a)'^ 
^ nW ) 


1 


tan 


arcsin | 


( sin(a)'' 


r 





If we assume that for the regular cover glass k5 the objective 
collects all rays with a starting position at a point in the focal plane 
and an angle y < yapcrture in one image point, in front of the 
objective these rays have an angle of tz = arcsin(n sin 7). In other 
words, Eq. (1) gives the angle and wavelength-dependent offset, 
which is corrected by the objective. If the adjusted cover glass 
correction and the cover glass used do not match, the difference 
between both gives the remaining offset, which is also angle and 
wavelength-dependent. In principle, this is zero for the right cover 
glass and the correctly adjusted thickness. The resulting offset is 
shown for a cover glass of 1-mm thickness made of quartz glass and 
different settings of the cover glass thickness in Fig. 2. For each a. a 
different object plane gives a contribution to the same image point. 
When imaging a 2D surface, each of these object planes, which is 
not equivalent to the surface, contributes to a blurred image. In our 
case of scattering particles these planes contribute only to the 




Fig. 1 Pathway of a ray from the objective {below, air) through the 
cover glass into the suspension {above, water refractive index). i5 is 
the resulting offset and ot, fi and 7 are the angles between the ray and 
the surface normal. The refractive indices for quartz glass and k5 
(Schott) for 400 nm and 700 nm are indicated 
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Fig. 2 The difference between 
the offset caused by a paralfei 
pfate of i-mm quartz and a 
pfate of thickness d of giass k5 
for different angles of aperture. 
The grey areas show the regions 
contributing to the image. The 
angular limitations are due to 
the central stop and the aper- 
ture of the objective. Further 
limitations are given by the 
wavelength of transmitted light 
{straight line 400 nm, broken 
line 700 nm). The height of the 
grey areas gives the effective 
focal deep indicated at the left 
of the bars 




image, if they coincide with a particle position. If they do not 
coincide, they do not blur the image because there is only 
nonscattering water at these positions. This leads to an increased 
depth of sharpness due to the incorrect cover glass correction, in 
the examples shown in the range of some microns at the cost of a 
small decrease in resolution. Even for the best matching at 
0.963 mm the depth of sharpness is about 2 ymti (not shown). 
As an example a magnified image of a bcc crystal at the lower plate 
of our shear cell is shown in Fig. 3a. The points indicated reflect the 
particles of the (10 1) plane positioned parallel to the wall. The 
particles visible on the connecting lines correspond to the particles 
in the second layer parallel to the (10 1) plane with a distance of 
a/s/l = 1.27 /rm as the minimum focal depth. As a second example 
a magnified image of a stack of triangular layers after cessation of 
shear is shown (Fig. 3b). The particles circled belong to the same 
layer and in the clearance between these, the particles of the next 
layer are visible. Notice that we cannot distinguish between the 
upper and lower layers without gathering further information. This 
will have consequences to the image analysis. 

Image analysis procedure 



The images were taken with a conventional CCD camera with a 
typical exposure time of 2 ms below the time a single particle needs 




Fig. 3 a Image of an equilibrium body-centered-cubic crystal. The 
points indicated with connecting lines represent the (10 1) plane 
positioned parallel to the glass plate. The particles on the line belong 
to the next upper layer, b Triangular layers with particles circled and 
the next layer in the clearance 



to diffuse a distance of its own radius of 150 nm. For demonstra- 
tion the suspension was prepared at a number density of 
n = 0A4 fim^^ and a typical particle distance of 1.9 fim. 

The analysis starts with a 3 x 3-pixel Gaussian filter for noise 
reduction and a 20 x 20-pixel local background correction to 
equalise the background level. Particle identification follows the 
idea that a particle has an intensity above the underlying noise and 
that the particle centre should have a maximum intensity in the 
neighbourhood. Accordingly the filter first calculates in a neigh- 
bourhood the difference between minimum and maximum inten- 
sities. If this is larger than the noise level and the central pixel is 
equal to the maximum, then the central pixel is accepted as a 
particle location. For this procedure the two parameters filter size 
and noise level have to be chosen. For the noise level we first 
calculate the overall histogram for the prefiltered image with a 
mean grey value and standard deviation. Because of the prefiltering 
these calculated values are good parameters for the whole image. 
For the best results we set the noise level to a value of twice the 
standard deviation. The Filter size is set to 5 x 5 pixel according to 
a pixel resolution of 0.13 fim and a resolution limit of 0.48 fim for 
our objective. A sequence illustrating this procedure is shown in 
Fig. 4. Figure 4c shows that some particles are indicated by more 
than one pixel. This is due to a small signal-to-noise ratio for the 
images of about 1:10. This leads to neighbouring pixels with the 
same values, which are both accepted as a particle, if they are a 
local maximum. Figure 4d demonstrates the quality of our 
procedure. We see that most of the particles are recognised, but 
still there are some intensity distributions, which are regarded as 
noise but can be a particle as well. 

To reveal the overall structure we now have to compute the 
position correlation, Gxyj,^(x, y), of the particles recognised. To do 
this, for each particle identified its 100 x 100-pixel neighbourhood, 
with the particle in the centre, is taken and at the position of the 
identified particles inside a counter is increased. Afterwards the 
number of neighbourhoods that have a pixel at this position 
weights the counting to consider the smaller neighbourhood of 
particles at the image border. In this manner we get a 100 x 100- 
pixel area representing the overall structure. Notice that for the 
reason of undistinguishable particles these position correlations 
have a point symmetric character. To reduce noise, we sum over a 
complete sequence of 37 images. An example is given for a shear 
rate of 0.9 Hz and a shear direction along the tortuous lines in 
Fig. 5 to illustrate the characteristics. At the origin a total count of 
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Fig. 4 Sequence of image analysis: a original image; b after 3x3 
Gaussian filter and local background correction; c result of particle 
identification; and d comparison of improved original from b and 
inverted c. Most of the particles from the original image are identified. 
For the example given the efficiency is estimated by comparing the 
respective numbers of particles identified in the layers to the total 
number of particles present (assuming a defect-free structure). For the 
first layer (brightest particles) nearly all the particles were found. For 
the second layer the efficiency is about 50% and for the third layer 
about 30% in this example. For the overall efficiency, see text 



270 000 is found. The distribution around the central position is 
due to the particles, which produce double or triple pixels, and give 
a kind of broadening for all other positions. Analysis of this 
distribution around the origin yields a total number of about 
184000 particles, corresponding to about 5000 identified particles 
per image (ippi). About 40% of the particles produce pixel 
distributions with more than one pixel. The overall triangular 




Fig. 5 Result of the image analysis and the accumulation of all the 
particle neighbourhoods as a nonnormalised >’)■ A detailed 

description is found in the text 



structure is clearly visible with a counting of about 800 ippi in the 
maximum and a mean distance of 2.17 /im, corresponding to 1830 
particles in a plane of 7500-fmA image size for the triangular 
structure. Thus, GxyXzix, y) represents the relative particle positions 
of nearly three complete layers per image. Integrating the counting 
in a single triangular peak yields the same counting as at the origin. 
The same result is obtained if we integrate the counting in the 
triangle between the origin and two neighbouring triangular peaks 
excluding the peaks. Both results are due to the fact that each 
central particle is also a next neighbour or a next layer particle. The 
tortuous lines between the triangular positions correspond to the 
positions of a second layer under or above the central particle layer. 
In this way these lines are in a statistical meaning equivalent to the 
common way one layer moves relative to the other. The relative 
values on such a line correspond to the probability to find a particle 
at this position. 

The black ring around the origin is due to the filter size of 5 x 5, 
which suppresses the detection of particles inside. Inside the black 
ring we find a minimum of fewer than 10 ippi, demonstrating the 
suppression of the particle identification of nearby particles by the 
filter. The intensity points in the shear direction from the origin, 
next outside this filter area, evolve through particles from a third 
layer moving relative to the others. There are two possibilities for a 
third layer to move conserving the possible stacking sequences 
ABA and ABC for hexagonal-close-packed (hep) and fee crystal- 
lites. For the ABA stacking sequence the third layer moves along 
the connecting line between the central particle and the next 
intraplane particle in the shear direction. For the ABC stacking 
sequence let us define the particle position in the centre of the left, 
middle triangle, seen from the central particle, as B. Position C is in 
the centre of the triangle below. In this case the movement follows 
the line from position C trough the central particle to the opposite 
triangle centre position. Both movements are broadened and 
overlap in our projection in the position of the aforementioned 
intensity points. As both stacking sequences are random the 
counting adds in the overlapping region. This yields a local 
maximum at these positions. 

To clarify the last points the radial average computed from the 
image in Fig. 5 is shown in Fig. 6. Near r = 0 /rm the central peak is 
visible with a decrease due to the oppression of particle identifi- 
cation by the filter. The following increase is due to the particles 




Fig. 6 Nonnormalised radial average from Fig. 5, GxyjJj)^ represent- 
ing the projection of a radial g{r), taken within the range of sharpness, 
onto the x;:-plane. The first peak, at 1 fim, corresponds to particle 
positions in the adjacent layer. The peak at 2 /rm belongs to the next 
neighbours in the plane 
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Fig. 7 Nonnormalised GxyT^(x, y) for different salt concentrations: no 
added salt, 0.27 //mol/1, 0.4 //mol/1, 0.92 //mol/1. We added H 2 CO 3 by 
contaminating the suspension with CO 2 . A detailed description is 
found in the text 

situated in other triangular layers; therefore, we call it the 
interplane region. The next increase to a peak is caused by the 
triangular structure inside a layer; therefore, called the intraplane 
peak. Owing to the smearing by the averaging, the subsequent 
structures are not as clearly attributed to the regions mentioned. 
Anyhow, for a clear triangular structure, like here, the second and 
third-nearest-neighbour peaks are visible, and as for fluid structures 
a slowly varying slope is found. 



Results 



middle of the triangular intraplane peaks. This position 
corresponds to the position of the next plane of an 
equilibrium fee or hep crystal. The second image with an 
added salt concentration of 0.27 //mol/1 H 2 CO 3 in the 
equilibrium fluid-phase region displays, in principle, 
the same structure as the first. The triangular peaks 
are the same, demonstrating the shear-induced intra- 
plane triangular structure in the equilibrium fluid phase. 
The zigzag pattern with accumulation points is still 
visible. The corners of the lines in the interplane region 
are not as sharp as before and also the accumulation 
points are not as bright as before. In the next image, for a 
salt concentration of 0.4 //mol/1 H 2 CO 3 , a completely 
different structure is observed. The triangular long-range 
order has vanished and the whole pattern has a more 
fluidlike character. As deviations from a complete 
fluidlike pattern the angular appearance of the outer 
fluid ring and the weak maxima on the first fluid ring are 
recognized. The weak maxima on the first ring have the 
same position as the triangular peaks in the first two 
images and represent the first stage of an evolving 
triangular structure. In the interplane region inside the 
first fluid ring a leftover from the tortuous lines is found 
with the same direction as before. Although there is a 
dominating fluidlike structure the last point indicates a 
still existing interplane coupling between the still existing 
layers. The counting around the filter-dominated region 
now has a component perpendicular to the shear 
direction. This is due to the fact that for a high interplane 
coupling of triangular layers a particle in a third layer 
above the central particle of the first layer is restricted to 
a small string in the shear direction. This results in the 
covering of this central third plane particle by the filter. 
For a lower coupling the string is broadened and so the 
counting of these particles for higher salt concentrations 



Gxyi.z(x, y) images for a shear rate of 0.89 Hz directly at 
the lower plate are shown in Fig. 7 for different salt 
concentrations. The number density is « = 0.15 //m“^, 
resulting in an equilibrium bcc crystal up to an added salt 
concentration of 0.125 //mol/1. For all images the shear 
direction is equal from the lower to the upper image 
border along the tortuous lines of the first images. The 
first image without added salt exhibits a clear triangular 
structure with a long-range order typical for crystals. 
This demonstrates the crystal-like order inside the single 
triangular planes. The second outstanding attributes are 
the zigzag lines in the interplane region between the 
triangular peaks. The minimum counting in the straight 
segment is about 135 ippi over a background counting of 
50 ippi. At the corners a higher counting of 220 ippi is 
obtained. This is interpreted in a statistical meaning as a 
higher probability to find a particle at the corner. For 
triangular planes sliding over each other this means a 
clearly visible zigzag motion with registered planes in the 




Fig. 8 Radial averages from Fig. 7. The averages are divided by the 
average for values with r > 3 //m, yielding a normalised gxyTzir). A 
detailed description is found in the text 
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rises. In the last image, for a salt concentration of 
0.92 /rmol/1 H2CO3, the pattern shows a complete 
fluidlike appearance. The outer fluid rings have a lower 
counting than in the third image and the first fluid ring 
has no additional structure, pointing to a complete loss 
of any triangular intraplane short-range order. Again in 
the interplane region the third-plane particle counting is 
raised but there is no counting visible which can be 
attributed to a correlated second layer. 

The images in Fig. 7 represent 2D particle correla- 
tions with absolute counting. From that we calculate the 
radial average Gxyi,zif) and divide it by the average 
counting for r > 3 jum to compare different structures. 
The resulting normalised gxyUzO') with the main charac- 
teristics from the origin to next plane behind the first 
peak is shown in Fig. 8. At the origin the high counting 
from the central particle with a strong decrease due to the 
filter is seen. Outside the filter-influenced region the 
third-layer particle forms a small maximum, followed by 
the second-layer particles with a salt-concentration- 
dependent course. The course shows a maximum for 
the high interplane coupling and a minimum for lower 
coupling in the fluidlike case. The first peak, however, 
has a salt-concentration dependence. With higher salt 
concentration the maximum position changes to a lower 
distance and the maximum value decreases. 

Here it should be mentioned that owing to the more or 
less 3D character of our particle detection, the slope of the 
complete curve is influenced by the 3D g{r) and the 
projection of a bar of about two or three particle distances 
onto the xj-plane. This leads to an additional broadening 
of all peaks and fluid rings. Additionally the minima in 
g(r) were overlapped by positions at a different depth and 
because of this were not as deep as seen in a real g(r). 



Conclusions 

In our plate-plate shear cell with variable gap width col- 
loidal suspensions were observed with a high-resolution 



microscope. A specially adapted inverted ultramicroscop- 
ic illumination for high-contrast images together with an 
adjusted mismatch of cover glass correction yields a 2D 
projection of 3D particle positions in a colloidal suspen- 
sion under shear. The images were analysed by a 
procedure of particle identification and accumulation of 
particle neighbourhoods. This procedure provides 
particle correlation of next-neighbourhood particles not 
only with 2D character. The cover-glass-correction 
mismatch responsible for the depiction of a, some microns 
thick, gap between the two rheometer plates yields 
additional information on particle positions of different 
height inside the cell. 

We presented the first real-space observations of the 
complete path a triangular layer moves relative to the 
next triangular layer. The result confirms the sliding 
mechanism discussed elsewhere [15]. As a preliminary 
scenario we observe with the addition of extra salt the 
change from a zigzag motion with accumulation points 
at the corners to less pronounced corners and accumu- 
lation points inside the fluid phase right next to the 
crystalline-phase boundary. For higher salt concentra- 
tion, for example, deeper in the fluid phase, we find a 
collapse of triangular long-range order and an evolving 
fluidlike order. Anyhow some triangular short-range 
order still exists even if the fluid like long-range order is 
dominant and interplane coupling still exist. At the final 
point a completely fluid structure is reached. The collapse 
of the triangular order does not coincide with the phase- 
boundary position of the equilibrium colloidal suspen- 
sion. Here a shear-induced ordering in the equilibrium 
fluid phase is found. 

A detailed study with more data of the shear 
mechanism in colloidal suspensions for different shear 
rates and salt concentrations in real space will be 
presented in the future. 
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Abstract The coalescence efficiency 
of two Newtonian droplets sub- 
merged in a Newtonian fluid sub- 
jected to a simple shear flow was 
investigated experimentally and the- 
oretically. The experimental investi- 
gation was based on observing 
collisions between two droplets un- 
der a microscope. The theoretical 
investigation considered three 
drainage models: immobile, partially 
mobile and mobile interfaces. Both 
the experimental results and the 
theoretical analysis showed that a 
critical approach angle exists below 
which the colliding droplets sepa- 
rate. Above this critical angle the 
collision leads to coalescence. 
Knowledge of the critical angle per- 
mits calculation of the coalescence 
efficiency. The dependence of the 
coalescence efficiency on various 
dimensionless groups such as the 
flow number, the capillary number 



and the viscosity ratio was studied. 
The theoretical analysis indicated 
that the coalescence efficiency de- 
creases as the capillary number and 
the flow number increase. The ex- 
perimental results showed that the 
coalescence efficiency goes through a 
minimum as the value of the flow 
number increases. The discrepancy 
between the experimental and the 
theoretical results was attributed to 
some mechanism that enhances co- 
alescence and that is not accounted 
for in the equation used for the 
critical thickness for film rupture. 
Both the experimental and the the- 
oretical results indicated that the 
coalescence efficiency decreases as 
the viscosity ratio decreases. 



Key words Coalescence efficiency • 
Droplets • Emulsion • Simple 
shear • Stability 



Introduction 

Consider two droplets in the same shear plane (xy plane) 
and being subjected to a simple shear flow as can be seen 
in Fig. 1. The line of the centers makes an angle a with 
the j-axis. The approaching droplet moves in a straight 
line until it starts to feel the presence of the central 
droplet (interaction zone). The film that forms between 
the droplets at this stage will continue to drain owing to 
the hydrodynamic force and the van der Waals attraction 
forces. The latter become more important as the droplets 



get closer to each other. The rate of film drainage 
depends on the mobility of the interfaces. For clean 
interfaces, the mobility depends on the ratio of the 
dispersed-phase viscosity to the continuous-phase viscos- 
ity. The rate of drainage for immobile, mobile and 
partially mobile films is given by the following equations; 



dh' 




sin(2a) 



1 

3/j'Fl(l+ 1)^(1+!)^’ 



immobile rigid interfaces 



( 1 ) 
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Fig. 1 A droplet approaching 
the central droplet in a simple 
shear flow. The approaching 
droplet will move in a straight 
line until it reaches the interac- 
tion zone, where its motion is 
influenced by the central droplet. 
The arc shown in the figure 
represents the interaction zone. 
The line of centers makes an 
angle, a, with the line perpendic- 
ular to the flow direction, y-axis. 
A critical approach angle, aeut, 
exists such that droplets 
approaching at a > otcrit will 
coalesce with the central one; 
those approaching at a < a^rit 
will not. The coalescence effi- 
ciency, E, is (ii/rf2 = cos(acrit) 





lC:t' = 0, a = aapproach and h' ^ h'^ = 2{Qdf^ [5] . (7) 

The change in the angle a with time was calculated 
from [4] 

0.4t'= arctan(^ ^^^^°^Y^°^‘=‘^^ ^ - arctan(^^^^ . 

( 8 ) 

In these equations h' = h/Reqv is the dimensionless film 
thickness, 7?eqv = (^f+g 2 ) equivalent radius, Ri and 

R 2 are the radii of the colliding droplets, a' — a/i?eqv is the 



dimensionless radius of the film, f — ty is the dimension- 
less time, y is the shear rate, FI = 6n^^yR\^^/A is the flow 
number, A is the Flamaker constant, Q = yRl^^fi^./ a is the 
capillary number, a is the interfacial tension, m is a 
lengthy expression that depends on K and a' and X — fidlfic 
is the viscosity ratio, where /ij and are the viscosities of 
the dispersed-phase and the continuous-phase viscosities. 

The coalescence efficiency was determined by solving 
the equations subjected to the initial conditions shown by 
Eqs. (3), (5) and (7) for the immobile, mobile and 
partially mobile models, respectively. For immobile 
interfaces the criterion for coalescence and separation 
was based on the change in the film thickness with time as 
the two droplets approach each other. If a decrease 
followed by an increase in the film thickness with time 
occurs, the droplets are considered to be separating after 
collision. If, however, the film thickness continues to 
decrease, the droplets are considered to be coalescing. 
For mobile and partially mobile interfaces a critical film 
thickness, given by the following equation was used 
as a criterion for coalescence [6]; 




( 9 ) 



The calculations showed that there is a critical 
approach angle, below which the colliding droplets 
separate and above which coalescence takes place. From 
geometrical analysis the coalescence efficiency, e, is 
related to the acut by the following equation (see Fig. 1); 

8 = cos(acrit). (10) 
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Fig. 2 8 versus Q for various values of the flow number, FI, for 
immobile interfaces. The arrows indicate the onset of deformation 




Fig. 3 8 versus Q. for various values of FI for mobile interfaces 

The coalescence efficiency predicted using these mod- 
els is shown in Figs. 2, 3, 4 and 5, where it can be seen 
that the coalescence efficiency decreases as the values of 
the flow number and the capillary number increase. 
Moreover the coalescence efficiency decreases as the 
viscosity ratio, X, increases. 



Experimental 

Experimental setup 

A Couette apparatus was used to carry out the experiments. Full 
details of the apparatus is given in Ref [7]. A schematic 




Fig. 4 8 versus for various values of FI for partially mobile 
interfaces. 2= 1.0 




Fig. 5 8 versus for various values of X for partially mobile 
interfaces. Fl= 1.0 x 10** 



representation of the Couette apparatus used is shown in Fig. 6. 
It consists of two concentric cylinders, each one is driven by a 
separate motor, the speed of which is controlled by a speed control 
unit. The speed control units are operated with a personal 
computer so that a shear rate ranging between 0.03 and 91 s“' 
can be generated. The software is written such that the rotational 
speed of the cylinders can either be increased or decreased at small 
or large steps as desired. This helps in controlling the speed of the 
colliding droplets or holding one droplet at the stagnation point 
while the second one is approaching. The software also allows an 
immediate halt of the motion of the cylinders. The two cylinders 
can be rotated in a counterclockwise or a clockwise fashion. The 
inner cylinder is made from aluminum and its radius and height are 
4 and 5 cm respectively. The outer cylinder is made from precision- 
pore glass and its radius and height are both 5 cm. A video camera 
is mounted perpendicular to the shear plane (along the vorticity 
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Z-Axes 



Video 

5 cm Camera 




Fig. 6 Schematic diagram of the Couette apparatus used 



z-axis) and is connected to a black and white monitor and to a 
video cassette recorder to record images for further analysis. The 
video camera is mounted on a stand that allows the camera to 
rotate in order to follow the droplets when necessary. The stand 
also allows the camera to move horizontally in the xy plane to the 
right or to the left as well as in forward and backward directions. 
The camera can also move up and down for focusing purposes. The 
objective lens of the camera magnifies the images 105 times as seen 
on the monitor screen. In all the experiments, observations were 
made along the z-axis (Fig. 6); however the glass outer cylinder 
allows observation from beneath and from the side of the cylinder 
when necessary. 

Material 

Silicone oil (Baysilon from Roland Chemie, The Netherlands) of 
the viscosity 1, 3.1, 3.5, 3.7 and 4.9 Pas was used as a continuous 
media. Glycerin (Merck, Germany) was used as a dispersed phase. 
The viscosities of glycerin (0.9 Pas) and silicone oil were measured 
using a Haake RheoStress RS 150. The interfacial tension was 
28 mNm^'. 

Experimental procedure 

The Couette apparatus was filled with silicone oil of the desired 
viscosity. Enough time was allowed for any air bubbles that may 




(a) (b) 

Top view image of two Top view image of two 
droplets passing by each others droplets exactly beneath each 
in the same shear plane , i.e., others when passing by, i.e., 
e=90“. 0=0. Ri?iR 2 




(C) (d) 

Top view image of Top view image of two 

two droplets exactly droplets located in two 

beneath each others different shear planes 

when passing by, i.e., when passing by, i.e., 

0=0. Ri=Rz 0<e<90“. 

Fig. 7 Top view image of two droplets passing each other 



have formed to disappear. The shear rate was increased to the 
required value without allowing the cylinders to rotate. This was 
achieved by switching off the speed controllers. When the required 
shear rate was reached a glycerin droplet was injected via a 
disposable syringe. After the droplet had sunk under the surface of 
the oil, the speed controllers were switched on and this caused the 
cylinders to rotate immediately at the previously chosen speeds. 
After few seconds the rotation of the cylinders was suddenly 
stopped. This procedure causes the large glycerin droplet to break 
into smaller ones and guarantees that the droplets are in the same 
shear plane. The sizes of the droplets generated can be varied by 
applying higher or lower shear rates or by waiting for a longer time 
before the cylinders are stopped. The size of the droplets generated 
is also a function of the viscosity of the continuous medium [8, 9]. 

The droplets produced by this procedures are in the same shear 
plane, which makes an angle, d, of 90° with the vorticity axes; 
however the angle <x varies from 0 to 90° (Fig. 1). To check that the 
droplets were in the same plane, the camera was occasionally tilted 
by 90° so that it could look through the shear plane. Such a test 
revealed that the droplets were aligned in the same shear plane and 
hence all the experiments were performed at d = 90°. This point was 
checked further by watching the droplets passing each other, i.e. 
when a = 0. When the two droplets are in the same shear plane 
(0 = 90°) the top view image is similar to that shown in Fig. 7a. If 
the radii are not equal, one sees a small droplet inside a big one 
(Fig. 7b). If the droplets are exactly beneath each other (9 = 0) the 
top view image resembles Fig. 7c if the radii are equal. When 
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Table 1 The measured values of R\, R 2 , a^pproach: °<capture> Contact and the calculated values of i?eqv. FI and n. The system is glycerin 
droplets in silicone oil (3.5 Pas). The applied shear rate is 0.14 s“'. ,4 = 5 x 10^^’ J and a = 0.028 Nm“' were used to calculate FI and Q. 


Ri (fim) 


Ri (Mm) 


i?eqv (Mm) 


9 


‘^approach 


^contact (^) 


^capture 


FI X 10“** 


Q X 10** 


94 


90 


92 


0.96 


81 


40.2 


-34 


14.6 


1.64 


89 


84 


86 


0.94 


78 


34.8 


-37 


12 


1.53 


90 


86 


88 


0.96 


77 


- 


- 


12.8 


1.57 


94 


90 


92 


0.96 


68 


- 


- 


14.6 


1.64 


94 


86 


90 


0.92 


65 


- 


- 


13.6 


1.60 


103 


94 


98 


0.91 


54 


- 


- 


17.7 


1.74 



0° < 0 < 90° the top view image will look similar to that presented 
in Fig. 7d. In our experiments only images similar to that 
represented in Fig. 7a were analyzed; the others were ignored. 

Once the small droplets had formed the cylinders were allowed 
to rotate in opposite directions at low shear rate and this allowed 
the droplets to collide. All the experiments were performed at a 
shear rate of 0.14 s“' and were recorded on videotapes for analysis. 
The analysis includes measuring the approach angle, aapproach and 
the radii of the colliding droplets, Ri and When coalescence 
takes place the contact time, fcontacti and the capture angle, czeapture) 
are also measured. The measurements of a^pproach and / are started 
when the distance between the surfaces of the two droplets is 0.5 
times the equivalent radius, i.e. h' = 0.5 [6]. The colliding droplets 
are grouped in classes according to i?eqv Particles within 10 p.m are 
considered to be one class. The resulting classes are further grouped 
according to the size ratio, q = RijR 2 , such that the width of each 
class is 0.1. Hence, by knowing the critical approach angle, the 
coalescence efficiency for that class of droplets is calculated from 
Eq. (10). An example of such results is given in Table 1, where it 
can be seen that coalescence takes place when a^pproach ^ 78°. For 
values of tZapproach ^ 77° no coalescence takes place; therefore czcrit is 
77.5 ± 0.5°, which gives an efficiency of 0.22 ± 0.01 for 
85 /im < ^ 95 fan and 0.9 < q < 1. 



Experimental results and discussion 

Measured values of the coalescence efficiency as a 
function of FI for glycerin droplets in silicone oil 
(3.1 Pas) are shown in Fig. 8. As can be seen the 
coalescence efficiency decreases with FI then starts to 
increase. A comparison with the efficiency predicted from 
mobile, partially mobile and immobile drainage can also 
be seen in Fig. 8. None of the models predict the trend 
observed experimentally. Previous work on this subject 
investigating coagulation of solid particles (e.g. [10, 11]) 
and coalescence of drops in simple shear flow [6, 12-14] 
showed that £ is a decreasing function of FI. The same 
results were found by studying gravity-driven coales- 
cence of slightly deformable drops [15]. On the other 
hand, the study of the coalescence of drops in stirred 
dispersions showed that the coalescence efficiency in- 
creases with the radius [16-18]. Our results seem to agree 
qualitatively with the first group of research for 
FI < ^3 X 10^; above this value of FI they seems to agree 
with the second group of research. Taking repulsion and 
attraction forces into account van de Ven and Mason 
[10], van de Ven [11] and Adler [19] studied theoretically 
the coagulation of solid particles in simple shear flow. 




FI Immobile 



Fig. 8 Experimentally measured values of £ versus FI and theoreti- 
cally calculated ones from mobile, partially mobile and immobile 
interface models for glycerin/silicone oil (3.1 Pas) 

They found that the efficiency decreases as FI increases 
until a minimum is reached after which it starts to 
increase, a result similar to that observed in Fig. 8. Note 
that Ca = 1/6F1 is used in the work reported in Refs. [10, 
11, 19]. The competition between the attractive and the 
repulsive forces causes the decrease followed by an 
increase in the efficiency. The same observation was 
found experimentally by Mousa and van de Ven [20], 
where FI was changed by altering the shear rate applied 
to the emulsion. In the system studied here, where 
silicone oil is the continuous phase, the repulsive forces 
are unimportant and the previous argument cannot 
explain the experimental results. Recently Chesters and 
Bazhlekov [21] found theoretically that in the presence of 
a nondiffusing surfactant at the interface, dimple forma- 
tion takes place as the droplets approach each other. 
Dimple formation is further enhanced when the droplets 
are large. In this situation rim coalescence rather than 
nose coalescence takes place. This leads to a higher 
coalescence efficiency. To investigate if dimple formation 
is the reason behind the trend shown in Fig. 8 videotaped 
images of the largest droplets (R^250 /rm) encountering 
each other were examined. The images revealed that no 
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Fig. 9 Calculated values of l.OE-01 

necessary to predict the coales- 
cence efficiency for the experi- 
mental data shown in Fig. 4 
using the immobile, mobile and 

the partially mobile interface j OE-02 

models. The values of cal- 
culated from Eq. (9) are also 
shown 

h'orit 1 OE-03 



l.OE-04 



l.OE-05 

1.0EI08 l.OE+09 I.OE+IO l.OE+11 

FI 

controls the coalescence efficiency for a given system 
(constant FI and Q). A different value for the critical film 
thickness results in a different value for the coalescence 
efficiency. This required an expression for the critical film 
thickness different from Eq. (9) to be assumed. In order 
to find such an expression, the values of h'cnt necessary to 
predict the measured coalescence efficiency, shown in 



deformation takes place during the whole period of the 
encounter. This indicates that dimple formation is 
unlikely to occur and hence the trend shown in Fig. 8 
cannot be explained by dimple formation. 

The drainage models indicate that the coalescence 
efficiency can theoretically be changed by altering In 
other words is the only variable that theoretically 




Table 2 A list oi the measured 
values of R 2 , Ctapproach, 

^capturei Icontact uud the Calcu- 
lated ones using partially mo- 
bile and mobile models. The 
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Table 3 The measured values of R^, R 2 , o!approach> “capture ^contact and the calculated ones using immobile, partially mobile and mobile 
models. The values of were obtained from Fig. 9 and were used as a criterion for coalescence. The system is glycerin droplets in 
silicone oil (/ia = 3.1 Pas) subjected to a shear rate y = 0.14 s“’ 
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Fig. 10 Experimentally measured values of e versus silicone oil 
viscosity at El = 1.2 x lO'^ and ^ = 0.95 ± 0.05 

Fig. 8, were calculated using the drainage models. The 
results of such calculations are portrayed in Fig. 9, which 
shows, except for the mobile interface, a decrease 



followed by an increase in /jFj with FI. It should be 
pointed out that the interfaces studied here cannot be 
mobile ones since the viscosity ratio tends to zero for 
mobile interfaces. Figure 9 also shows the values of /iF, 
calculated from Eq. (9). The results of Fig. 9 elucidate 
the influence of film mobility on coalescence through 
Kriv accordance with the results of Klaseboer 

[22]. The dependence of on FI for the immobile and 
the partially mobile films is best represented by the 
following equation; 

= + , ( 11 ) 

where a, b, c and d are fitting parameters. This equation 
indicates a decrease followed by an increase in as FI 
increases. The increase in represented by the second 
term, is perhaps due to some mechanism that enhances 
coalescence. It is observed experimentally that the 
distance, h, between two approaching droplets fluctuates 
when they come close to each other. The results also 
showed that the fluctuation is larger when the droplets 
are bigger. This fluctuation could arise from some 
perturbations that take place at the interface creating 
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some kind of waves or instabilities enhancing coales- 
cence. However this point still needs more investigation. 

Theoretically predicted values of acapture and 
from the partially mobile and the mobile models, where 
calculated from Eq. (9) was used as a criterion for 
coalescence, are compared to the experimentally mea- 
sured ones in Table 2 for an oil viscosity of 3.1. A poor 
agreement between the experimental results and the 
theoretical predictions is obtained. The immobile inter- 
face model (not shown in Table 2) predicts no coales- 
cence. The mobile and the partially mobile interface 
models predict immediate coalescence between the 
droplets. The disagreement between the experimental 
and the theoretical values provides another opportunity 
to check the validity of Eq. (1 1) or the form of versus 
El shown in Fig. 9. To do so the calculations were 
repeated using values of obtained from Fig. 9 as a 
criterion for coalescence. The experimentally measured 
oicapture ^ud and the predicted ones are listed in 

Table 3. Tables 2 and 3 clearly illustrate that the 
dependence of on FI in the manner shown in Fig. 9 
provides better results than Eq. (9). The contact time 
predicted was in excellent agreement with the experi- 
mental values. The theoretically predicted values of 
“capture differ slightly from the experimental ones; 
however, since the measured angles are highly influenced 
by the time, within experimental error the deviation is 
plausible. It can also be seen from Table 3 that the 
mobile interface model predicts zero capture angles. This 
implies that the interfaces of the droplets are either 
immobile or partially mobile. All the models were unable 



to predict negative capture angles. It should be noted that 
the interfaces were assumed to be clean and devoid of 
contaminants in the calculations. In practice this is very 
hard to achieve in spite of all the precautions and 
provisions one makes. The presence of a very minute 
amount of contaminant at the interface can have a 
tremendous effect on the drainage process [22]. An 
attempt was made to correlate the capture angle to the 
system parameters, such as the radii of the colliding 
droplets or FI, the radii ratio and the approach angle, but 
the attempt was not successful. A similar observation was 
also made by Allan and Mason [23]. 

The effect of the continuous-phase viscosity on the 
coalescence efficiency can be seen in Fig. fO. As 
expected e increases as /ic decreases (or a increases) 
since the film drains more easily when its viscosity is 
lower. The results are in agreement with those found 
elsewhere [17, 24-26]. 



Conclusions 

The following conclusions can be made from the results; 

1. The coalescence efficiency versus FI goes through a 
minimum. 

2. Experimental evidence indicates that the critical film 
thickness decreases then increases as FI becomes 
larger, a point that still needs further investigation. 

3. The coalescence efficiency increases as the viscosity of 
the continuous phase decreases. 
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Abstract A new rheological model 
for highly concentrated emulsions 
containing 77-98% of the dispersion 
phase is suggested which relates the 
macroscopic functional properties of 
these systems (elasticity modulus, 
yield stress and yield strain) to the 
microscopic physicochemical pa- 
rameters (droplet size, interfacial 
tension, surface forces acting in thin 
liquid films, specific surface of these 
films, adhesion force between the 
droplets, their deformability, etc.). 
Whereas Princen’s model describes 
only the effect of the capillary pres- 
sure and the volume fraction of the 
internal phase on the elasticity 



modulus of such emulsions, the new 
model also predicts the effect of the 
adhesion free energy between the 
droplets (or the contact angle bet- 
ween the droplets) on the elasticity 
modulus and the yield stress and 
strain of these emulsions. The model 
proposed is applied to explain and 
systematize the effect of physico- 
chemical parameters on the rheo- 
logical properties of highly 
concentrated fluorinated water-in-oil 
emulsions. 

Keywords Concentrated emulsion • 
Reverse emulsion • Fluorinated 
emulsion • Rheological model 



Introduction 

The rheological behavior of highly concentrated emul- 
sions, or high-internal-phase-ratio emulsions [1], is 
strongly influenced by the viscoelastic properties of 
liquid droplets and by the contact interaction between 
them. At relatively low volume fractions, cp^, of the 
dispersed phase, the droplets are almost spherical in 
shape; however, with increasing (p^, the droplets are 
distorted and the structure of these emulsions becomes 
similar to that of ordinary foams. Consequently, these 
emulsions are also called “biliquid foams” [2, 3]. The 
ensemble of compressed and interacting liquid droplets 
forms a gel-like structure that manifests viscoelastic 
behavior and plasticity owing to the high specific 
interfacial area and the adhesion between the droplets. 
This justifies these systems to be designed as 
gel-emulsions [4-6]. 

The gel-emulsions (with (p^ of the order of about 0.8- 
0.99) may be obtained spontaneously by slow mechanical 



agitation from micellar solutions (microemulsions) of 
nonionic surfactants [7-9]. The relatively low interfacial 
tension, Uo ^ 1 mNm~', which is typical for these 
systems, on the one hand, and the high resistance to 
rupture of microscopic emulsion films stabilized by the 
nonionic surfactants, on the other, favor the formation 
of high <pv without applying a remarkable osmotic 
pressure (Fig. 1). This explains the exceptional stability 
and the high rheological parameters (elasticity, viscosity, 
yield stress and strain) of fluorinated water-in-oil (w/o) 
gel-emulsions [10-12]. 

The attraction (the adhesion force,/*) between liquid 
droplets may influence the character of the dependence of 
the shear-storage elasticity modulus, G', the yield stress, 
T*, and the yield strain, £max, of highly concentrated 
emulsions on the physicochemical parameters, snch as 
the interfacial tension, gq, the mean droplet radius, R, cp^ 
of the dispersed phase, etc. Although the proportionality 
of G' to the ratio gq/R holds for all known theoretical or 
semiempirical relationships [13-17], the dependence of 
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Fig. 1 Highly concentrated fluorinated emulsion (system: CgE2/ 
perfluorodecalin/water; <pv = 0,95; f-o = perfluorodecalin/CgE2= 5 



G' on <pv is sometimes controversial and is the subject of 
discussion [18-20]. The well-known semiempirical for- 
mula of Princen [14], 

G' = (p^<(p^<\ , (1) 

with C=1.77 and (^^ = 0.74, which was verified experi- 
mentally for different types of highly concentrated 
polydisperse emulsions [21-24], is in agreement with the 
limit G[„„„ ^ 0.5(ffo/7^) as <Pv^l predicted for the 
elasticity modulus of highly concentrated emulsions 
which behave as dry foams [13, 15]. 

As far as the plastic properties of these emulsions 
and their deformability are concerned, there is no 
convenient model which is able to explain the effect of 
physicochemical factors (such as droplet size, 
hydrophile-lipophile balance of the surfactants, tem- 
perature, etc.) on the values of t* and fimax- For 
example, the higher values of G', t* and 6„iax of 
fluorinated emulsions with respect to the hydrogenated 
systems are currently not well understood. In spite of 
the presumably important role which could be played 
by the attractive forces in the viscoelastic and plastic 



behavior of highly concentrated emulsions [16, 25], no 
attempts have been made to quantify and describe this 
influence in terms of the thermodynamics of the surface 
forces and the microrheology. 

In this communication we present some preliminary 
results concerning the thermodynamic study of the effect 
of the attractive forces acting in thin liquid films between 
liquid droplets on the visco-elasto-plastic properties of 
highly concentrated adhesive emulsions. 



Materials and methods 

The fluorinated oil used in the w/o emulsions is perfluorodecalin 
purchased from Interchim and used as received. The nonionic 
fluorinated surfactants of the chemical formula C„F2„,+ i- 
C2H4SC2H4-(0C2H4)„-0H (noted C^E„) were synthesized and 
characterized as described in Refs. [8, 10]. The surfactants CgE2, 
C5E2 and CjEs were used to prepare these emulsions. 

The emulsions with a water volume fraction of <pv = 0.95 and an 
oil-to-surfactant mass ratio of = 5 were prepared by mechanical 
stirring as described in Ref. [10]. The mean droplet radius of these 
emulsions was determined by microscopy. 

The rheological measurements (determination of G', z* and 
8„,j,x) were performed using a stress-controlled Carri-Med CSL500 
rheometer with a cone/plate geometry as described in Ref. [10]. A 
spinning drop (Texas University) instrument, modified for temper- 
ature regulation, was used in order to perform the interfacial 
measurements. 



Model for elasticity moduius 
of highly concentrated emuisions 

The known rheological models explain the dependence of 
G' of highly concentrated emulsions on the ratio aojR', 
however, these models cannot explain the effect of 
physicochemical factors on t* and £max of these emul- 
sions. 

The suggested rheological model for highly concen- 
trated emulsions is based on the following assumptions 

(Fig. 2). 

1. The macroscopic quantity, the tensile stress, 
acting inside an emulsion, on a microscopic level is a 



Fig. 2 Scheme illustrating the 
tensile deformation of a a 
model emulsion and b an 
emulsion droplet 
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nonhomogeneous discrete quantity which is localized 
in the contact regions between the droplets and may 
be represented as an ensemble of forces, /a, acting 
between the droplets. As a first approximation, is 
assumed to be uniformly distributed over all the 
contacts between the droplets forming a gel-like 
network 

^zz ~ 7 (^) 

where is the number of droplets in a unit area of 
the layer. 

2. The deformation of each emulsion droplet is elastic 
(i.e. obeys Hooke’s law): 

/a = KA and Uzz = Ee , (3) 

where K is the “rigidity” coefficient of the droplet 
(considered as a spring) and s — Aj2R is the tensile 
strain. 



Expressions of yield stress and yield strain 
for highly concentrated emulsions 

The tensile yield stress, (7^, of a highly concentrated 
emulsion is proportional to a mean adhesion force, f*, 
between two emulsion droplets, 

^b = «z/a*. (7) 

From the elaborate theory of the adhesion of fluid 
particles in liquid media [29] it follows that 

f: - 7lT?AadQ . (8) 

The adhesion free energy, may be estimated 

theoretically on the basis of the appropriate disjoining 
pressure isotherm, H(/j), for a thin liquid film [30] 
(Fig. 3), 

POO 

AadQ- / n(h)dh , (9) 

JHf 



It has been shown [26] that for small deformations of 
the droplets, A is a linear function of the interfacial 
tension, (Tq, 



K = 2n gq . (4) 

By using an appropriate expression for n^, for 
example, as in Princen’s model, 

n^^S{cp,)/{2Rf , (5) 

with S((py) = C(py^^^((py-(pc), where C=\.ll and 

<Pc=0.74 for polydisperse emulsions, and taking into 

account the relationship E = 3G' [27, 28], one obtains 

G’^U7Q)(p'J\(Py-cp,) . ( 6 ) 



Therefore, the model proposed describes correctly the 
observed experimental dependence G' ^ (gqIR) although 
it does not rely upon the proportionality of G' to the 
capillary pressure, P^, in the droplets, which is also 
proportional to the ratio Gq/R. The coincidence of the 
numerical constants in Eqs. (1) and (6) is surprising 
taking into account that rather rough approximations 
were made to obtain this expression. 



where H{ is the liquid film thickness. 

Aad^^ may be also estimated experimentally from the 
measurements of the interfacial tension, gq, and the 
contact angle, Of, between the droplets (Fig. 3) as [30, 31] 



AadO = 2ffo(cos0f- 1) - r/rf , (10) 

where t 1 0“ ” N is the line tension and ff is the radius of 
the liquid film. 

From Eqs. (5), (7), (8) and (9) one obtains 



- T* - \n 



| ‘S'(fflv) ^ 7l |AadQ| 
' {2Pf ~ 4 R 



S{(P. 



( 11 ) 



i.e. (7b may be predicted from the measurements of the 
radius of the droplet, gq and Of. By neglecting the term xj 
Tf in Eq. (10) and expanding cos 0f in a series, one obtains 
Aad^^ s -cTosin^df and finally 



Gb^x* Of S{cpy) . 

K 



(12) 



The significance of the result obtained consists in the 
possibility of predicting Gf, of gel-emulsions from a 
measurement of Of in thin liquid films (Eq. 10) or from 
the theoretical estimation of Aad^^ according to Eq. (9). 
Inversely, from the measurement of g^,, one may estimate 



Fig. 3 Scheme illustrating the 
effect of surface forces (the 
disjoining pressure) on the pro- 
file of a thin liquid film between 
two emulsion droplets 
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Fig. 4 Effect of the molecular structure of fluorinated surfactants on 
the elasticity of gel-emulsions 



the value of and proceed to the systematization of 
the effect of surface forces on the rheological properties 
of these emulsions. 

Smax of gel-emulsions may be expressed using 
Eqs. (3), (4) and (8), 



^max 



fl ^lAadQ 
AuROq 4 (To 




(13) 



where the negative sign of E^ax is conventionally 
attributed to extension strains. Therefore, by using 
thermodynamic considerations, Emax may be predicted 
from measurements of 0f in emulsion films. It should be 
pointed out that the macroscopic parameter of gel- 
emulsions, Emax, is identified as the ratio (the “adhesive- 
ness” parameter [26]) Vad = AadD/uo, which characterizes 
the surface interaction in microscopic liquid films. 



Application of the su^ested model 
to fluorinated gel-emulsions 

Rheological measurements on the highly concentrated 
fluorinated emulsions (Fig. 4, Table 1) show that G' of 
gel-emulsions is very sensitive to the hydrophilicity of the 



Table 1 Effect of the molecular structure of the fluorinated sur- 
factants on the rheological properties of water-in-oil emulsions 



Surfactant 


Hydrophile 
-lipophile 
balance (Griffin) 


Interfacial Storage 
tension modulus 

(mN/m) (Pa) 


Yield 

strain 

(%) 


Yield 

stress 

(Pa) 


CsE2 


3.4 


0.8 


250 


14 


35 


C6^E2 


4.1 


0.6 


270 


9 


24 


C6^E3 


5.4 


0.4 


80 


3 


3 



surfactants used to stabilize these systems and decreases 
remarkably from about 250 Pa to about 100 Pa with 
increasing length of the hydrophilic chain of the surfac- 
tants by only one oxythylene group. At the same time, 
the region of linear deformation (e^^x) of these gel- 
emulsions undergoes a sharp decrease from 14 to 9%. It 
should be pointed out that the mean radius of the 
emulsion droplet was almost the same in all cases (2 ^um). 

The general trend of a diminishing G' corresponds to 
the decrease in uo, whereas the increase of the oxythylene 
chain length induces an increasing phase inversion 
temperature [32] of the system. However, the relative 
values of the decreases in G' is much greater than the 
corresponding decrease in (Tq (or gq/R). This lets us 
assume that other factors (e.g. A^dD acting between the 
droplets in thin liquid films) could contribute to the 
decrease in G'. The sharp decrease in t* and e^^^x^ which 
are very sensitive to AadD according to Eqs. (11) and 
(13), confirms this assumption. The mechanism of the 
decrease in AadD with an increase in the hydrophilicity of 
a surfactant molecule is not understood for the moment. 
By using thermodynamic considerations, this may signify 
the increase of the film thickness, ii/max, and consequently 
the decrease in 0f in the film. An alternative explanation 
consists of decreasing the depletion forces (which join 
droplets) provided from the osmotic pressure of micelles 
in the oil phase. It should be noted that the observed 
decrease in E„iax with temperature (Fig. 5) may be 
rationally explained only by assuming that Aa^D also 
decreases with temperature. 



Conclusion 

The elaborate rheological model of highly concentrated 
emulsions correlates well with Princen’s model explain- 
ing the proportionality of G' of these emulsions to the 
ratio As far as the yield rheological parameters 



Yield strain, e [%1 

max *■ -* 




Fig. 5 Effect of the temperature on the yield strain. of a gel- 
emulsions stabilized by CgE 2 
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(t* and £max) are concerned, the model predicts the 
following dependences 

£max ^ ^ad ^/ ^0 ^ ®il^ 

and 

T* Aadfi^- 



The model is proposed based on the assumption that the 
surface forces acting in thin liquid films between the 
emulsion droplets play an important role in the rheolog- 
ical behavior of gel-emulsions. This model permits the 
explanation (or at least the systematization) of the effect 
of different physicochemical parameters on the rheolog- 
ical properties of gel-emulsions. 
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Abstract We propose an analogy 
between a new type of glass, recently 
found within the mode coupling 
theory framework, and a particle 
gel, experimentally observed in col- 
loidal suspensions where the parti- 
cles have attractive interactions. We 
report the study of a colloidal system 
model, made of particles with hard 
core interacting via an attractive 
square-well potential. The well- 
width has a range much shorter than 
the particle diameter. We find new 
phenomena in the temperature- 
composition plane related to the 
width of the attractive interactions, 
namely a re-entrant behaviour in the 
‘phase’ diagram and a coexistence 
line between two types of glasses. 
One has been identified as the com- 
monly studied colloidal glass and the 



other as a new type, the ‘attractive’ 
glass, that can be viewed as a particle 
gel. The coexistence line terminates 
at an end-point, named A^, after 
which the gel and the colloidal glass 
become indistinguishable. We also 
show characteristic features of the 
normalised density correlators, for 
the gel at a relatively low density and 
close to this singularity point, where 
the gel and the colloidal glass start to 
coexist. For the latter it is remark- 
able to note that the density corre- 
lators show a logarithmic time 
decay. 



Key words Colloidal systems • 
Square-well potential Glass 
transition • Particle gels • 
Nonergodic systems 



Introduction 

Systems of colloidal particles have long been of both 
practical and scientific importance, and there has been a 
considerable growth of knowledge in recent years in the 
area of dense colloidal systems. However, particle gels 
and the process of gelation itself have not been much 
studied at a very fundamental level, despite the practical 
importance of this part of the field. The reason is 
probably thaf there are few theoretical approaches within 
which to rationalise the information. We present here a 
new way of viewing these systems, based on develop- 
ments already well established in glass theory. 

For colloidal particle systems with short-range at- 
tractions, it was quite natural to argue by analogy to all 



of the phenomena present for molecules. Thus, we expect 
to find liquids, gases, and crystals, and perhaps some sort 
of dense but imperfectly packed or glassy state. This 
perspective, whilst quite reasonable in many regards, 
does not take into account the great difference in energy 
scales and length scales between molecules and colloidal 
particles. The hard core of a colloidal particle might be 
on the scale of a micron, and the attraction, tunable using 
a variety of solvents and other additives, might have a 
range of only a few percent of this [1, 2, 3]. Typically, 
though not always, the repulsion is very hard and short- 
ranged, being mainly derived from the material proper- 
ties of the particle itself. In addition, the flexibility in the 
use of solvents and additives may lead to very strong 
effective attractions, and this combined with the large 
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mass of the particle means that attractive interactions 
might easily overcome the tendency of the particles to 
disperse, even if the true entropic interaction balance is 
more favourable to a dispersion. So, far from being a rare 
occurrence, much effort is devoted to preventing colloi- 
dal particles from “collapsing” into a condensed phase, a 
precipitate, or a “gel”, the result usually considered to be 
poorly characterised, or characterisable. Thus, whilst 
there are clear analogies between molecular behaviour 
and colloidal systems, we may also need to look again 
more carefully at the nature and prominence of all the 
phenomena, and we may expect new features to emerge 
and a change in the relative importance of existing 
phenomena. In fact, as we will show, the result of such a 
reexamination may well lead us to be able to systematise 
colloidal phenomena long considered to be inconvenient, 
rather than scientifically interesting. 

We chose as a model of attractive colloidal particles 
the square-well potential. Such a choice was driven by 
two reasons: firstly, the square-well potential is a good 
approximation for many colloidal systems (i.e. colloids 
with depletion interaction, grafted colloids, etc. and, 
secondly, it possesses many relevant characteristics of a 
vast range of potentials i.e. hard-core repulsion and 
short-range interaction). This model has been widely 
used to describe interacting colloidal solutions and, to 
some extent, phenomena such as depletion interaction 
and grafted colloids are well represented by it [3-7]. 

Our idea is that the glass theoretical framework, in 
particular the mode-coupling theory (MCT) [8], that has 
been introduced and extensively used to describe the 
glass transition for both simple liquids and colloidal 
systems, can also be extended to describe other nonerg- 
odic states of matter, such as particle gels. The new 
results recently found for a Yukawa [9, 10] and a square- 
well potential [11] for an ‘attractive glass’, that will be 
discussed later in detail led us to propose an analogy 
between this nonergodic state and a gel. In brief, we 
propose that the ergodic state (fluid) can be considered to 
be a sol phase, the “repulsive” glass, also discussed later, 
is the commonly studied colloidal glass (hard-sphere 
type), and the “attractive” glass is a particle gel. Thus, 
what follows will be discussed in these terms. 



Mode-coupling theory 

We have already alluded to the fact that we use glass 
theory to study the square-well potential. The reason is 
that we shall be looking for transitions to a nonergodic 
state that could represent the process of gelation. The 
most practical theory to use in this respect is MCT, which 
has previously been shown to describe colloidal glasses 
driven by packing forces or pure repulsive interactions 
and, indeed, has been found to be in very good agreement 
with experiments [12]. The theory is, in outline, as follows. 



The MCT equations of motions for the normalised 
density correlators, 0^(f) = {p*q{t)pq)/{\p^\^), for a colloi- 
dal system [13] are 

T^q4>q{t) + (l>q{t) + [ mq{t - t')(j)q{t’)dt’ = 0 , ( 1 ) 

■Jo 

where = yS{q) / (vq) , with S(q) being the static 
structure factor, v the thermal velocity, and the approx- 
imation of the instantaneous friction is the constant v. 
The kernel nii q is given as mq{t) — JF q{{^k{t)}), where 
the mode-coupling functional -Fq is, 

, ( 2 ) 

\k = ^q[q-kCk + q-{q~ , (3) 

where Cq — (1 — ' )/p is the Fourier-transformed direct 

correlation function. In order to locate and characterise 
the gel phase we define the nonergodicity parameter (or 
Edwards-Anderson parameter) as the long-time limit of 
the density-density correlation function, 
fq — lim^^oo 4(^)- I'- clear that if the system is ergodic 
the correlation function will decay to zero after a certain 
time; in contrast when the system is in a nonergodic 
regime, the density fluctuations will not be able to relax 
and, consequently, the function fq will have a finite value. 
Indeed, the fact that from dynamic light scattering <5^(oo) 
is nonzero, is a frequent observation as the gel transition 
is crossed. We numerically solved Eq. (1) on a grid of 
2000 equally spaced q values extending up to qa = 72;/q is 
obtained by an iterative solution of the bifurcation 
equation, 

, ( 4 ) 

^ Jq 

that corresponds to the long time limit of Eq. (1). Erom 
Eq. (4) is evident that fq — 0 is always a solution but it is 
not always a stable one; at the transition a new solution 
fqit 0 emerges owing to the formation of a nonergodic 
phase. The most striking feature of MCT is the fact that 
it can produce dynamics using as an input only static 
quantities (i.e. static structure factor and number densi- 
ty). Therefore it is possible, by only providing the 
structure factor of the system, to locate the ergodic- 
nonergodic transitions. This brief exploration of the 
MCT results is not by any means exhaustive and for 
greater insight we suggest the reader explore the litera- 
ture [8, 14]. 



Results 

Eor the interaction of the colloidal particles we have 
chose a square-well potential. 
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r 00 0 < r < (7 

pv{r) — < j]uo (7 < r < ff + A , (5) 

I 0 (7 + A < r 

where /?= (/cb?) *, where is Boltzmann’s constant. In 
order to obtain the structure factors we solved the 
Percus-Yevick equation for this model; details of this 
procedure can be found in Ref. [11]. In contrast to the 
hard-sphere case, where the volume fraction, (/), is the 
only control parameter, the ratio Uo/k^T between the well 
depth and the temperature and the well width, Acj), are 
important control parameters as well. In what follows 
will make use, in order to characterise the width of the 
attraction, of the adimensional parameter 
e = A/(A -f ff). We remind the reader that for polymer- 
induced depletion interactions the well width is con- 
trolled by the size of the polymer and the well depth 
increases with polymer concentration. 

The “phase” diagram for the case e = 0.03 in the 
thermodynamic plane (0, T) is represented in Figs. 1 and 
2; the lower density region is reproduced in Fig. 1, 
whereas the high density regime is shown in Fig. 2. In 
Fig. I we present the sol-gel (fluid-attractive glass) 
transition line together with the underlying gas-liquid 
spinodal. It is remarkable to note that the gel transition 
line in this region lies above the coexistence curve. This 
type of behaviour may indeed have been observed 
experimentally for effective potentials with a very narrow 
range of attractions [1, 5]. We believe that in this region 
the attractive gel is a space-spanning structure of 
particles strongly attached to each other; however, we 
caution the reader that on the left-hand side of the critical 
point and in its vicinity, we cannot accept blindly the 
MCT results. Further work is necessary to elucidate this 
region. Some of these concerns have been addressed in 




Fig. 1 Sol-gel transition line at low packing fraction for e = 3% 



Ref. [15] while discussing the number of bonds present in 
these gel states. 

In Fig. 2 firstly we note that for T ^ oo we recover the 
glass-transition packing fraction, already found in MCT, 
for hard spheres (i.e. 4>g ~ 0.516). In this case the kinetic 
arrest is understandable in terms of a cage effect, i.e. each 
particle is trapped in a cage formed by its near 
neighbours and consequently the system is frozen. This 
is what we call “repulsive” glass, commonly manifested 
as the typical colloidal glass [12]. By decreasing the 
temperature, the attractions start to be relevant and the 
packing fraction at which the system freezes becomes 
larger than the hard-sphere one. This unusual reentrant 
behaviour continues up to a certain temperature where 
the line joins another branch of the transition line. The 
latter line extends towards lower densities and along it 
the arrest is due to the attraction, i.e. at low temperatures 
the transition is driven by the fact that the particles tend 
to stick together. We have named this second state the 
“attractive” glass or particle gel. The process of the 
arrest, glass or gel formation, is then driven by repulsion 
along the “vertical” line and by attraction on the 
“horizontal” one. The vertical repulsive line is explained 
by the fact that glassification is driven by the hard core, 
which lacks any energy scale, whilst the attractive line, 
being fairly horizontal, implies that there is a single, 
fairly well characterized energy scale that drives the gel 
formation. These simple observations essentially deter- 
mine much of the shape of the phase diagram as a vertical 
line at roughly (p ci 0.52% and a horizontal line at the 
characteristic energy (temperature) scale of gelation. An 
interesting feature to emphasise is the presence of a 
characteristic reentrant behaviour, corresponding to the 
presence of a liquid phase between the two glassy phases. 




Fig. 2 Same as Fig. 1 for high packing fraction. is the endpoint of 
the gel-repulsive glass transion line 
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This behaviour is encountered in MCT caicuiations for 
different kinds of attractive potentiais and was shown to 
be strictiy reiated to the choice of a very narrow weii 
width [9, i6, 11]. 

Another important feature emerging from Fig. 2 is 
the presence of a transition line between the two 
nonergodic states. Crossing it, the system passes from a 
repulsive glass to a gel abruptly, as the nonergodicity 
parameter shows a discontinuous behaviour. Thus, this 
line corresponds to the remarkable phenomenon of a gel- 
repulsive glass coexistence. It would be interesting to 
have unambiguous confirmation of this phenomenon, in 
the light of the current predictions [6]. 

The “order parameter” of the transition is the 
nonergodicity parameter. It shows very different beha- 
viour in the two types of arrested states. For a repulsive 
glass, it remains almost unchanged with temperature, 
whereas for a gel it varies consistently, and in particular 
its range increases by decreasing the temperature. The 
range of fq is related to the localisation length of the 
particles [17]. Thus, while for a repulsive glass this length 
(i.e. the size of the cage) remains almost the same with 
varying temperature, for the attractive gel the particles 
become more and more localised, strengthening the 
attractions between them. The latter phenomenon is the 
indication that in the gel the particle arrest is due to 
the formation of bonds between particles at close 
distance. Indeed, the bond formation has been seen as 
an important issue for colloidal aggregation and it has 
been studied within MCT [9, 10, 15]. It is important to 
note that the glass-glass transition line presents an end 




Fig. 3 Correlators <!>,,(/) for ^=10.0 at constant packing fraction 
0 = 0.340349 for various temperatures, close to and at the sol-particle 
gel transition. A typical two-step relaxation is developed the closer the 
system is to the transition temperature, Tg, finally approaching a 
nonzero plateau at itself 



point (labeled A3 in MCT notation) after which the two 
gels become indistinguishable (i.e./q varies continuously). 

The behaviour of the phase diagram on varying the 
range of the attractions has been studied in Ref. [11]. 
Here, we limit ourselves to report the most important 
features of that study. Firstly, the typical reentrant 
behaviour that have discussed for e = 3% tends to 
vanish, increasing the attractive range. A second and 
more important feature is related to the behaviour of the 
gel-repulsive glass transition line. For values of e roughly 
between 3 and 4% this line shrinks and eventually, for a 
certain value (i.e. e 4.11%), the end point A3 touches 
the sol-gel transition line, giving origin to a very peculiar 
point, corresponding to a higher-order singularity in 
MCT and is thus referred as the A4 point [11]. 

The importance of finding these singularities A3 and 
A4 lies in the fact that in the proximity of them MCT 
predicts for the intermediate scattering function, 0^(t), 
instead of the typical two-step relaxation scenario [8] a 
very peculiar logarithmic decay. 

For e > 4.11% the A4 singularity disappears and the 
transition between the gel and a repulsive glass becomes 
continuous along the transition curve. 

The behaviour of 0^(t) at the constant packing 
fraction value O = 0.340349 is shown in Fig. 3. The data 
correspond to the wave vector ^=10.0, with the 
temperature being varied as indicated in the figure. In 
the phase diagram (Fig. 1), the case represented can be 
found to be far both from the underlying critical point 
for the gas-liquid transition and from the singularity A3. 




Fig. 4 Correlators for <jr=10.0 at constant temperature 

T = 1.0132 for various packing fractions, close to and at the matching 
point between the sol-particle gel line and the sol-repulsive glass line. 
A logarithmic decay is observed for various decades in time, and 
approaching the transition ((Fg = 0.536270), the presence of the two 
different types of arrested states is also eviden 
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Thus, it represents a typical two-step relaxation function, 
as predicted from MCT [8], for a sol-particle gel 
transition which is more evident the closer the system is 
to the transition temperature Tg = 0.44637. 

In contrast to the previous case, we show the 
behaviour of the intermediate scattering function close 
to the singularity (Fig. 2). To see the relaxation 
dynamics, we approach from the fluid side at constant 
temperature T= 1.0132, corresponding to the crossing 
point of the sol-repulsive glass line with the sol-particle 
gel one. Here, we vary the packing fraction, as reported 
in the figure, and we always refer to the wave vector 
q— 10.0. It is possible to observe a logarithmic decay of 
Oq(?) over a number of decades in time (e.g. at 
0 = 0.531468 it holds for about 5 decades). There may 
be an early indication of such behaviour in recent work 
[18]. Then, going closer and closer to the transition, the 
presence of two different types of arrested states starts to 
become evident, as the correlators seem to develop a 
double-plateau structure. 



Conclusions 

We have sought to introduce the reader to the broad 
developments that are taking place in connecting the 
traditional science of nonergodic systems, as glasses, to 
the world of disordered soft matter, and in particular 
particle gels. It would appear that the methods used in 
glass theory are also applicable to soft interactions where 
attractions dominate the loss of ergodicity. If this 
proposition turns out to be correct, it seems likely that 
we can interpret particle gels as glasses of a novel type, 
the so-called attractive glass. The ramifications of this 
connection are extensive and most have yet to be 
appreciated. At the most simplistic level, we now have 
the machinery to calculate the “phase” or state diagrams 
of the system, their dynamics and transport coefficients 
and other properties. Also, we can expect to find in 
experiments all of the traditional phenomena of the two- 
step relaxation as we approach gelation, as illustrated in 
Fig. 3 and, possibly, of the peculiar logarithmic decay 
predicted within our theoretical model (Fig. 4). 
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Abstract In previous work the 
binding of the cationic surfactant 
dodecyltrimethylammonium bro- 
mide to DNA was studied. The 
original work has been extended to 
include data for the decyltrimethy- 
lammonium ion. Additionally, while 
previously considerations of the 
complex structure were done within 
the framework of the dynamics of 
rigid rods, in the present case we 
have extended this analysis to in- 
clude a wide range of three-dimen- 
sional configurations. Furthermore, 
the secondary structure of the DNA 
within the complex is taken into 
account. Examination of secondary 
structural changes on surfactant 
binding indicates that there are no 
significant changes in the DNA 
secondary structure. Consideration 
of the hydrodynamic properties of 
the surfactant-DNA complex and 
extension of the experimental data 
to include decyltrimethylammonium 
along with application of hydrody- 



namic modelling allowed us to ex- 
clude highly bent or folded complex 
conformations. The magnitude of 
the DNA diffusion coefficient de- 
crease on surfactant binding was 
measured for surfactant molecules of 
two different tail lengths. The data 
showed that a rod covered in a single 
surfactant layer can provide a simple 
explanation for the difference in the 
magnitude of the decrease between 
the two surfactants. In order to 
account for the observed ratio of 0.8 
surfactants per DNA phosphate 
observed on completion of the 
first-stage binding, the surfactant 
headgroups should be located close 
to the DNA surface, within the 
condensation volume. This would 
leave the tail groups projecting out- 
wards, with lateral hydrophobic as- 
sociation between the tails. 

Key words Dodecyltrimethylammo- 
nium • Decyltrimethylammonium • 
DNA-surfactant complex 



Introduction 

In previous work the binding of the cationic surfactant 
dodecyltrimethylammonium (DTA^) to DNA was stud- 
ied using a combination of techniques, including dyna- 
mic light scattering, electrophoresis and an ion-selective 
electrode [1]. In that study, short DNA fragments were 
used because the relation between the rodlike structure 
and the dynamics of short DNA fragments has been 
investigated extensively both theoretically and experi- 
mentally [2-6] and thus it was possible to interpret the 



diffusion results within the framework of the dynamics of 
rodlike molecules in dilute solution. This allowed a direct 
study of the complex structure. Dodecyltrimethylammo- 
nium bromide (DTAB) was used because the DNA 
remained monomolecularly dispersed after binding of 
surfactant, allowing the complex to be examined using 
solution techniques. 

The original work has been extended to include 
binding data for decyltrimethylammonium ion (DeTA^). 
Additionally, while previous considerations of the 
complex structure were made within the framework of 
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the dynamics of rigid rods, in the present case we have 
extended this analysis to include a wide range of 
three-dimensional configurations generated using bead 
modelling, and which include bent and compacted 
conformations. Furthermore, the secondary structure 
of the DNA within the complex is taken into account. 



Experimental 

Purification of reagents 

All buffer salts used were analytical grade. Surfactant and DNA 
were purified as described in a previous publication [1]. The 
preparation and size distribution characterisation of small DNA 
fragments were described previously [11]. 

Light scattering measurements 

Measurements of the z-average diffusion coefficient were done 
using a Malvern 4700 with an argon ion laser source. The 
experimental setup and analysis procedures have been described 
previously [1]. Prior to a run, the samples were diluted with the 
same buffer to a DNA concentration of 0.9 mM DNA phosphates 
(double the final concentration). Decyltrimethylammonium bro- 
mide (DeTAB) and DTAB solutions were made up to double their 
final concentration. The two solutions were transferred to plastic 
Eppendorf tubes and centrifuged at 10,000g for 2 h. The DNA 
solution was then filtered into a preweighed light scattering cell 
through a 0.2-^m filter. Then, an equal volume of surfactant 
solution was added with mixing in a similar manner. The tube was 
then sealed and the solution was mixed using a vortex mixer. All 
weighing was done on a balance with an accuracy of ±2 x 10^“* g, 
and exact final surfactant concentrations could be determined from 
the weights obtained. This procedure eliminated artefacts due to 
aggregation, which could occur if concentrated surfactant was 
titrated into the cell. The samples were run at final surfactant 
concentrations between 0 and 10 mM. The DNA concentration 
was 0.45 mM. The measurements were conducted at 20 °C. 

Circular dichroism spectroscopy 

Circular dichroism (CD) spectra were run on a Jasco 720 CD 
spectrometer; the scan rates were 10 nm/min. A 0.15 mM DNA 
solution was made up, and aliquots of a 100 mM DTAB solution 
were added using a Hamilton microsyringe with a Chaney adaptor. 
The solution was stirred during and after the additions. Absor- 
bance measurements were taken concurrently with the CD 
measurements to correct for the dilution owing to addition of the 
surfactant solution. 

Calculation of the diffusion coefficient for different models 

A suite of FORTRAN subroutines for the calculation of hydro- 
dynamic properties of rigid macromolecules in solution has been 
made available in the public domain [7]. A bead model, composed 
of an arbitrary number of spherical elements of any size represents 
the macromolecule. The input data is a set of coordinates of the 
beads and their radii. The calculations are based on the Kirkwood- 
Riseman theory, but were extended to arrays of subunits of 
unequal size. 

Using this program, it is possible to calculate translational 
diffusion coefficients for an array of three-dimensional conforma- 
tions. By calculating the diffusion coefficients for a wide range of 
hypothetical DNA-surfactant complex structures and comparing 



the calculated values to the values obtained experimentally from 
light scattering it is possible to make deductions about the nature of 
the final complex. 

The modelling of DNA rods as straight strings of beads carries 
an inherent error as DNA is more closely represented by a 
cylindrical model; thus, HYDRO was used to determine relative 
changes in the diffusion coefficients on binding of surfactant. 
Firstly, the diffusion coefficient was calculated for a 238 base pair 
Na-DNA rod, modelled as a string of beads, each with a diameter 
of 2.0 nm, which is in agreement with recent measurements of the 
effective hydrodynamic diameter of DNA [8, 9]. This served as a 
reference point, as any calculated diffusion coefficients for the 
surfactant-DNA complex must give diffusion values lower than for 
the bare rod, in order to be consistent with the experimental data. 
Then, calculations were carried out for the DNA complex in a 
variety of three-dimensional conformations. 

For quantitative comparison with experiment an analytical 
expression for the diffusion of cylindrical rods of length L and 
diameter was derived using a subunit approach by Tirado and et al. 
[3]: the authors considered spheres arranged into rings, and these 
rings were then stacked to form cylinders. The diffusion coefficient 
was then calculated for the whole assembly, on the basis of 
Kirkwood-Riseman theory, with extrapolation to the shell model 
limit and with correction for end effects. The expression for 
translational diffusion (D„) obtained is 

+ 

where is the Boltzmann constant, T is the absolute temperature, 
is solvent viscosity, p = Ljd and y, the end effect correction, is 
expressed by 

7 = 0.316 + 0.578/^ + 0.050//. (2) 

The relation is valid over the range 2 < p < 30. The effective 
hydrodynamic diameter, d, was taken as 2.0 nm. L was calculated 
by multiplying the number of DNA base pairs by a rise per base 
pair of 0.34 nm, which is characteristic of B-form DNA [10]. 



Results and discussion 

Effect of surfactant binding on DNA 
secondary structure 

In order to determine whether binding of surfactant 
influences the helical structure, the CD spectrum of DNA 
between 220 and 320 nm was measured as a function of 
DTAB concentration. Under the conditions of the 
experiment the critical aggregation concentration (cac) 
is known to be to be about 0.9 mM from electrophoretic 
measurements [11]. Measurements show that below the 
cac the DNA is in the B-form. However, on commence- 
ment of first-stage binding, there is a small change in the 
intensity of the 275 nm band. This change in magnitude 
at 275 nm has been directly related to a change in the 
average rotation per base pair [12]. Correlating the 
change in As with the change in the average rotation, 
using the data of Baase and Johnson gives the result 
presented in Fig. 1. 

On binding there is an increase in rotation, up to a 
maximum of + 0.4°. Assuming that the starting B-form 
DNA without surfactant has 10.4 base pairs per turn 
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Fig. 1 Change in average rotation of the helix as a function of 
dodecyltrimethylammonium bromide (DTAB) concentration. The 
DNA concentration was 0.15 mM. The buffer conditions were 
10 mM NaBr, 5 mM A-(2-hydroxyethyl)piperazine-A'-ethanesulfonic 
acid (HEPES) and 2 mM etylenediaminetetraacetic acid (EDTA) 

[13], giving a turn per base pair of 34.6°, this decreases to 
10.3 base pairs per turn at 1.8 mM DTAB; however, 
aggregation occurs close to this surfactant concentration, 
so this value must be treated with caution. The spectral 
changes between 0.9 and 1.3 mM are certainly not the 
result of aggregation, as electrophoresis experiments 
carried out under identical conditions have shown that 
the DNA complex is monomolecular under these condi- 
tions [11]. They show there is a change in rotation of 
only +0.1° per base pair. Thus, there are no changes in 
DNA length on binding great enough to influence its 
hydrodynamic properties. This is an important point 
when determining the hydrodynamic properties of the 
surfactant-DNA complex, as any length changes in the 
DNA on surfactant binding will have to be taken into 
account when interpreting the data. 



Diffusion coefficient of the DeTA^ ion with DNA 
and comparison with data for DTA^ 

The diffusion coefficient of DNA as a function of DeTAB 
concentration is presented in Fig. 2. In the case of 
DeTA^ binding the diffusion coefficient for the uncom- 
plexed Na-DNA was found to be 2.05 x 10”*' m^/s. The 
concentration used in the titration experiment was 

0.45 mM, consequently variations with DNA concen- 
tration were neglected and it was considered that the 
measured diffusion coefficients (D.^pp) obtained were 
equal to the infinite dilution values (Z)^) for practical 
purposes of calculations. An excellent agreement was 
obtained with the theoretical value for the translational 
diffusion of a rigid rod (2.02 x 10”" m^/s). Above 
7.8 mM added DeTAB, corresponding to the cac, as 
measured by electrophoretic mobility [11], there was a 
sharp decrease in the diffusion coefficient to 
1.58 X 10”" m^/s. 




Fig. 2 Diffusion coefficient as a function of DeTAB concentration. 
The DNA concentration was 0.45 mM. The temperature was 20 °C. 
The buffer conditions were 10 mM NaBr, 5 mM HEPES and 2 mM 
EDTA 



For DTA^ , measurements were made under identical 
conditions to those used previously in the binding study 
of Gorelov and et al. [1]. Thus, referring to the binding 
isotherm, diffusion coefficient measurements were taken 
at 0 mM surfactant (corresponding to bare DNA) and 
1.2 mM free DTA^ (corresponding to first-stage bound, 
unaggregated DTA-DNA). Binding resulted in a de- 
crease in te diffusion coefficient from 2.66 x 10”" to 
1.98 X 10”" m^/s. 



Consideration of the surfactant-DNA 
complex structure 

We considered the following surfactant-DNA complex 
structures (Fig. 3) 

1. Wrapped micelle model, where the surfactant is 
bound to the DNA in micellar form and there is 
some wrapping of the DNA around the micelles. 

2. Surface micelle model, where the surfactant is bound 
to DNA in micellar form, but with no DNA bending 

3. Surfactant-covered rod model, where there is no 
DNA bending and where the surfactant headgroups 
are located close to the DNA surface and there is 
lateral association between tailgroups. 

Firstly, we calculated the diffusion coefficient of the 
DNA rod complexed with DeTA^ micelles, in a 
conformation where the surfactant is bound in a micellar 
form and the DNA rod is bent around the micelles. It is 
still not clear whether the micellar aggregation number 
should be higher, lower, or unchanged from that for the 
free micelles. Thus, to start with, the micellar aggregation 
number was taken to be the same as in free micelles. 
Taking an aggregation number of 36 for DeTAB [14] 
around 11 micelles are required for a 238 base pair 
fragment (476 phosphates) to give binding of 0.8 sur- 
factants per phosphate. The micellar radius was taken as 
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Wrapped micelle 



V 





Surface micelles 




Surfactant covered rod, 
cylindrical model 



Fig. 3 Diagrammatic representation of different hypothetical surfac- 
tant-DNA complex structure 



1.7 nm. The calculated diffusion value for the 
DeTA-DNA complex in this conformation was 
2.17 X 10~" m^/s (Table 1), which is close to that for 
the Na-DNA rod (2.20 x 10”*^ m^/s). This is at variance 
with what has been obtained experimentally, where a 
decrease in the diffusion coefficient of more than 20% 
was seen. Thus, it is unlikely that the DNA adopts this 
type of configuration. Of course, the wrapped micelle 
model can have a number of different structures. For 
example, the aggregation number can be lower or higher, 
leading to more or fewer bends; however, no matter what 
the conformation, there will need to be a number of 
bends in the polyion, in order to stabilise as many of the 
bound micelles as possible. Hence, there will be large 



Table 1 Comparison of diffusion coefficients calculated using the 
bead model for a surfactant-DNA complex in different con- 
formations with reference to a Na-DNA rod, represented as a 
string of beads. The surfactants used were decyl- 
trimethylammonium (DeTA) and dodecyltrimethylammonium 
(DTA) 



Model type 


Calculated 

x 10“ m^/s) 


Na-DNA rod 


2.2 


DeTA-DNA, compact sphere 


5.25 


DeTA-DNA, wrapped micelles 


2.17 


DeTA-DNA, surface micelles 


1.84 


DTA-DNA, surface micelles 


1.89 


DeTA, surfactant-covered rod 


1.76 


DTA-DNA, surfactant-covered rod 


1.71 



changes in the effective length of the complex. As the 
diffusion coefficient dependence on length for rigid rods 
is a logarithm/linear dependence, while the diameter only 
appears as a logarithmic term, any changes in the 
effective length will cause dramatic deviations in the 
diffusion coefficient from that expected for a rodlike 
configuration. We can also exclude a compact globular 
conformation similar to that which has been observed in 
the case of long-chain DNA [15]. The diffusion coefficient 
of the complex in a hypothetical conformation where the 
DNA and surfactant in the complex were condensed in a 
closely packed sphere was calculated. The volume of this 
sphere was estimated by using intrinsic molar volume 
data for DNA [16] and assuming that the density of the 
decyl chains in the complex is the same as pure decane. 
The radius of the sphere was converted to a diffusion 
coefficient by application of the Stokes-Einstein equa- 
tion. The calculated diffusion value (5.25 x 10~*' m^/s) is 
much higher than that calculated for the bare DNA in a 
rodlike conformation. This is in contradiction to the 
experimental data and excludes a compact structure. 
Thus, there is no compaction for DNA fragments with 
length close to the persistence length. That there is no 
bending is not unexpected as electrophoretic measure- 
ments have shown no significant changes in the effective 
charge of the complex on binding surfactant [11]. 

Next we considered the case where no DNA bending 
occurred. In analogy to surfactant binding a two- 
dimensional planar surface we can distinguish two types 
of surfactant aggregate structure. For planar surfaces 
binding has been proposed to occur by formation of 
“hemi-micelles” [17]. The reverse-orientation model [18] 
describes these hemi-micelles as laterally associated 
surfactants with charged headgroups interacting with 
the charged surface and with tailgroups pointing out- 
wards towards the solvent. An alternative model, called 
the surface micelle model, proposes that the surfactant is 
bound to the surface in a form similar to free micelles [19]. 

Thus, diffusion coefficients were calculated for both 
surface-bound micelles and a surfactant-covered rod and 
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were compared with the experimental data. Firstly, the 
diffusion coefficient was calculated for surfactant bound 
to DNA in micellar form. This micellar binding has been 
proposed as more favourable, as it does not involve the 
projection of hydrophobic tails into the solvent. In 
common with the case for the wrapped micelle model, to 
start with the micellar aggregation number was first 
taken to be the same as for free micelles. In general for 
surfactant binding to polyelectrolytes of high charge 
density the aggregation number of the resulting micelles 
is usually similar to or greater than that for free micelles 
[20]. Also the observed highly cooperative binding 
suggests a high aggregation number. The diffusion 
coefficient for the 238 base pair DNA rod, with DeTA 
micelles bound on the surface, was calculated to be 
1.84 X 10“" m^/s. The same calculation was then carried 
out for a DTA-DNA complex with the same structure. 
As the aggregation number (55) is larger than in the case 
of DeTAB [14], the number of bound micelles will be 
lower. Also comparison of the two calculations allows an 
assessment of the influence of aggregation number on the 
hydrodynamic properties. The radius of the DTA^ 
micelles was taken to be 2.0 nm [21]. The calculated 
diffusion coefficients for the DeTA-DNA and DTA- 
DNA complexes are 1.84 x 10”“ and 1.89 x 10”“ m^/s, 
respectively (Table 1). Thus, if the micelle model is 
correct, the decrease in the diffusion coefficient of the 
DNA on surfactant binding will actually become smaller 
on substitution of the larger DTA^ for DeTA^. Again 
this is in contrast to the experimental data. This result 
also rules out micelles of very large aggregation number, 
as this will lead to even smaller changes in the diffusion 
coefficient on binding. 

However, while the previous analysis rules out large 
bound micelles it does not discriminate between a 
surfactant-covered rod and a covered rod with micelles 
of small aggregation number. These two are difficult to 
distinguish from the consideration of their hydrody- 
namic properties alone; however, surfactant-specific 
electrode measurements have shown that after first- 
stage binding there are 0.8 surfactants per DNA 
phosphate. This corresponds closely to the 0.76 con- 
densed counterions per DNA charge, which can be 
calculated from the Manning theory [22]. This suggests 
that the sodium ions within the condensation volume 
have been replaced by surfactant. While there is no 
exact theoretical expression describing the condensation 
volume, continuum electrostatic, Monte Carlo and 
molecular dynamic simulations have shown that con- 
densed counterions are localised in a volume less that 
2 nm from the central DNA axis [23]. As the DTA^ 
tailgroup alone is 1.7 nm it is difficult to see how even 
small micelles can fully occupy the condensation layer. 
Similarly this rules out “admicelles” [24] where some 
surfactant headgroups are pointing outwards from the 
DNA. 



For quantitative comparisons with experimental data 
the bead model is not suitable, as DNA molecules are 
more closely represented by a cylindrical geometry. Thus, 
to make direct comparisons with experimentally derived 
diffusion coefficients the diffusion coefficient for a 
cylindrical rigid rod was used. In addition, in order to 
account for polydispersity and differences in molecular 
weight between samples, the size distribution of the DNA 
used in the dynamic light scattering experiments was 
determined using capillary gel electrophoresis [11]. For 
the DTA^ study the DNA weight-average molecular 
weight was 113,520 g/mol and the polydispersity was 
1.18, while in the case of DeTA^ these were 149,820 g/ 
mol and 1.27, respectively. The actual size distributions 
were used as the input for the diffusion coefficient 
equation (Eq. f) and the calculated z-average diffusion 
coefficients of the DNA complexes were obtained. 

As shown in the first section, binding of surfactant 
does not lead to significant length changes in the DNA. If 
there is no DNA bending and if the surfactant is 
considered to be evenly distributed on the DNA surface, 
binding of surfactant can be considered to increase the 
effective diameter of the DNA rod. Using the equation 
for the diffusion coefficient for a rigid rod (Eq. f) and 
treating the diameter as a variable gives the best fit of the 
calculated diffusion coefficient to the experimental values 
for the case where the -effective diameter is 4.8 nm in the 
case of DeTA-DNA and 5.4 nm for DTA-DNA. The 
calculated diffusion coefficients of DeTA^- and DTA^- 
covered DNA are compared to the experimental values 
in Table 2. Subtracting the effective diameter of DNA 
and dividing by 2 gives the effective thickness of the 
surfactant layer. This is 1.4 and 1.7 nm for DeTA^ and 
DTA^, respectively. 

The Tanford relation links the number of carbons in 
the surfactant tailgroup to the length of the hydrocarbon 
chain of the alkyltrimethylammonium ion in a micelle, / 
[25] 

/ w (0.15 + 0.1265 Ac) nm, (3) 



Table 2 Comparison of experimental DNA translational diffusion 
coefficient with that calculated for a DNA rod modelled as a rigid 
cylinder. Top Comparison of experimental translation diffusion 
with that calculated for a rigid cylinder for Na-DNA and DeTA- 
DNA. Bottom Comparison of experimental translation diffusion 
with that calculated for a rigid cylinder for Na-DNA and DTA- 
DNA 





Calculated 
DA X 10" m^/s) 


Experimental 
D, ( X 10" m^/s) 


Na-DNA 


2.02 ± 0.02 


2.05 ± 0.07 


DeTA-DNA 


1.63 ± 0.03 


1.58 ± 0.03 




Calculated 


Experimental 




D,( X 10" m^/s) 


D, ( X 10" m^/s) 


Na-DNA 


2.62 ± 0.04 


2.66 ± 0.02 


DTA-DNA 


1.96 ± 0.03 


1.98 ± 0.02 
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where is the number of carbon atoms in the 
hydrocarbon chain of the surfactant. For Nc equal to 
lO(DeTA^), the value of / corresponds to 1.4 nm and for 
Nc equal to 12(DTA^) it is 1.7 nm. These two values are 
identical to those determined for the surfactant layer 
thickness in the surfactant-DNA complex. Thus, the 
increment of the diameter increase on binding of 
surfactant, both in the case of DeTAB and DTAB, is 
close to that expected for the size of a single surfactant 
layer as estimated using the Tanford relation. A possible 
structure which would fit with the experimental findings 
would be a surfactanf-covered rod, where the surfactant 
headgroups are located close to the DNA surface, within 
the condensation volume, and the tailgroups projecting 
outwards, with lateral hydrophobic association between 
the tails. 



Conclusion 

Consideration of the hydrodynamic properties of the 
DTA-DNA complex and extension of the experimental 
data to include DeTAB along with application of 
hydrodynamic modelling allows us to exclude highly 
bent or folded complex conformations. Examination of 
the secondary structural changes on binding indicates 



that there are no significant changes in the DNA length 
on binding. Binding of surfactant in the form of micelles 
of aggregation numbers larger or similar to those of free 
micelles is also ruled out by hydrodynamic consider- 
ations; however, the possibility that surfactant binds to 
the DNA as micelles of small aggregation number cannot 
be ruled out. The magnitude of the DNA diffusion 
coefficient decrease on surfactant binding was measured 
for surfactant molecules of two different tail lengths 
(DeTA^ and DTA^). The data showed that a rod 
covered in a single surfactant layer can provide a simple 
explanation for the difference in the magnitude of the 
decrease between the two surfactants. In order to 
account for the observed ratio of 0.8 surfactants per 
DNA phosphate observed on completion of first-stage 
binding, the surfactant headgroups should be located 
close to the DNA surface, within the condensation 
volume. This would leave the tailgroups projecting 
outwards, with lateral hydrophobic association between 
the tails. 
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Abstract We study the aggregation 
behavior of two highly water-soluble 
fullerene derivatives, hexa(sulfobu- 
tyl)fullerenes (FC4S) and poiyhydr- 
oxyiated fuiierenes (fullerenols) 
[C 6 o(OH)ig] using small-angle x-ray 
scattering. We found that FC4S 
forms spheroidal aggregates having 
a similar radius of gyration 

w 19 A, in a wide concentration 
range from 0.4 to 26 mM in water 
solutions, whereas the mean sizes 
observed for C 6 o(OH)ig aggregates 



in water solutions grow nearly two- 
fold from = 20 A to = 40 A as 
the concentration increases from 0.7 
to 50 mM. The implication of the 
structural differences between the 
two fullerene derivatives on their 
free-radical scavenging activity is 
discussed. 



Key words Small-angle X-ray 
scattering • Water-soluble fullerene 
derivatives • Aggregation 



Introduction 

Fullernols, C 6 o(OH)ig, of high water solubility and a 
moderate electron affinity were reported to be potent 
free-radical scavengers in biological systems [1]. In an 
effort to modify the electron affinity of the Ceo cage of 
fullerene derivatives for a better free-radical scavenging 
efficiency, e, Chi et al. [2] synthesized the sodium salt of 
hexa(sulfobutyl)fullerenes, FC 4 S, which has a number of 
addends per Ceo cage differing much from that of 
C 6 o(OH)ig. In a xanthine /xanthine oxidase enzymatic 
system of superoxide radicals (O 2 ), Chi et al. [2] 
compared the free-radical scavenging activity for these 
two fullerene derivatives. It was found that for a dose 
level of 50 /rM FC 4 S has an O 2 suppression efficiency of 
60%, comparable to the 59% for C6o(OH)jg[2]. When 
the dose level increased to 100 /iM, FC 4 S showed a 
higher radical suppression efficiency of 96% than the 
70% for C 6 o(OH)ig. This concentration-induced 
difference in eliminating superoxide radical species 
implies that there should be a correlation between the 
aggregation behavior and the free-radical scavenging 
efficiency. In a similar case, Guldi et al. [3, 4] attributed 
the low free-electron (or radical) affinity observed for 



C 6 o(COONa )2 to the formation of aggregates in aqueous 
solutions. 

Using small-angle X-ray scattering (SAXS) and small- 
angle neutron scattering we have observed and reported 
previously the aggregation behavior for FC4S [5] as 
well as C6o(OH)ig [6] in a concentration range from 3 
to 50 mM. Nevertheless, this concentration range is 
much higher than the biochemistry concentration range 
(10-100 /iM) used for the free-radical scavenging activity 
measurement. To understand better the possible corre- 
lation between the aggregation behavior and the scav- 
enging efficiency, we extend our study on FC4S and 
C6o(OH)ig to a concentration level of 350 /iM 
using SAXS of a high photon flux from synchrotron 
radiation. 



Experimental 

Water-soluble fullerenols, C6o(OH)ig (Fig. 1), fullerene oxide with 
18 hydroxy groups on average, were synthesized following the steps 
reported previously [7]. The sodium salt of hexa(sulfobutyl)fullere- 
ness, C 6 o(CH 2 CH 2 CH 2 CH 2 S 03 Na) 6 , a C 60 cage covalently bonded 
with six ionic sulphonate arms (Fig. 2), were synthesized using the 
procedures detailed in Ref. [5]. 
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Fig. 1 Scheme for polyhydroxylated fullerenes, C6o(OH)ig 



operated at an electron energy of 1.5 GeV and a maximum beam 
current of 200 mA. The incident radiation quanta, focussed 
vertically by a mirror and monochromated by a Si (ill) double- 
crystal monochromator for an energy of 8 keV, were then 
collimated by two sets of slits, 0.4 x 0.4 and 0.4 x 0.6 mm^ for 
the first and second set, separated by 1 .0 m. A linear detector was 
positioned 1.1m (vacuum path) after the sample position, covering 
a Q range from 0.01 to 0.12 A''. Here, Q is scattering wavevector 
of X-rays. A higher Q range can be easily achieved by moving the 
detector sideways from the direct beam position. 




CH 2 CH 2 CH 2 CH 2 S 03 Na )e 



Fig. 2 Scheme for hexa(sulfobutyl)fullerenes, FC4S 

SAXS measurements for FC4S aqueous solutions of higher 
concentrations of 3.2, 6.4, 12.8, and 25.6 mM were performed on 
the 8-m SAXS instrument at Tsing-Hua University, Taiwan. SAXS 
data for water solutions of 6.1, 12.2, 24.4, 48.8 and 122 mM 
C6 o(OH)i 8 were also collected using the same instrument. 
The instrument and measurement details were described in Refs. 
[5, 6, 8]. 

For low sample concentrations, the SAXS data for water 
solutions of 0.35, 0.7 and 1.8 mM FC4S as well as 0.7 and 1.8 mM 
C6 o(OH)i 8 were measured using the SAXS setup on the BL17B 
wiggler beamline at the synchrotron radiation research center 
(SRRC) in Taiwan. The SRRC has an electron storage ring 



Results 

The SAXS data measured for FC 4 S solutions of concen- 
trations from 3.2 to 25.6 mM are shown in Fig. 3. Using 
an ellipsoid model [9], we can fit (curves) all the scattering 
data in the higher-Q region adequately with a major axis 
a w 29 A and a minor axis b ~ 22 K for the FC 4 S 
aggregates. The corresponding radius of gyration 
-^g = [(«^ + 19 A for the aggregates, is con- 

sistent with 20 ± 1 A obtained from the Guinier ap- 
proximation [9]. For these higher concentrations, the 
fitting curves deviate from the data in the low-Q region 
owing to the neglect of the interaction effect between 
aggregates. The interaction effect, which diminishes 
gradually as the concentration decreases, was discussed 



Fig. 3 The in-house small-angle 
X-ray scattering data 

for FC4S water solutions are 
fitted (curves) using an ellipsoid- 
like model for the form factor 
of FC4S aggregates. For higher- 
concentration cases, the data 
deviate gradually from the fit- 
ting curves in the \ow-Q region 
owing to the neglect of the 
interparticle interaction effect in 
the fitting model 




0.05 



0.15 
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Fig. 4 Synchrotron radiation 
SAXS data for FC4S water 
solutions of low concentrations. 
The data were fitted (curves) 
using the same ellipsoid-like 
model 




in Ref. [5]. In the present study, we concentrate on the 
data in the higher-Q region, where the form factor of the 
aggregates dominates [9], for determining the size and 
shape of the aggregates. 

The SAXS data taken by synchrotron X-rays for 
lower FC4S concentrations of 1.8, 0.71, and 0.35 mM are 
shown in Fig. 4. Using the same ellipsoidal model of 
similar sizes as used for the higher concentrations, we can 
fit (curves in Fig. 4) the data adequately. We summarize 
the fitting results for FC4S in Table 1. From the result, 
we conclude that the aggregation size and shape of FC4S 
do not change appreciably with concentration in the 
concentration range studied. 

The SAXS data measured for water solutions of low 
C6 o(OH)i 8 concentrations of 1.77 and 0.7 mM are shown 
in Fig. 5. These data can be fitted (solid and dashed 
curves) reasonably well using the same fractal model for 
the C6 o(OH)i 8 aggregates as that used for the higher- 
concentration data measured previously [6]. In the fractal 
model, the C6o(OH)ig fractal aggregates, constructed by 
primary particles of fullerenols in a self-similar geomet- 
rical arrangement, are characterized by a pair correlation 
function 



where D is the fractal dimension, d the Euclidean 
dimension, and ^ the correlation length [10]. The mass 
of the fractal objects, M, increases with their linear 
dimension, r, in the form of M oc r^. We can deduce an 
average Rg = [D(p + l)/2]*^^(^ for the aggregates.^ 

The SAXS results for C6o(OH)ig are summarized in 
Table 2. From the result we can see C6o(OH)ig aggre- 
gates grow continuously to nearly twice the size as the 
concentration increases from 0.7 to 50 mM, with a 
common fractal dimension of 2.5. Indeed, for concen- 
tration higher than 3 mM, traces of large C6o(OH)ig 
aggregates can be detected by dynamic light scattering 
[11]. 

We compare the two different aggregation character- 
istics of FC4S and C6o(OH)ig in Fig. 6. For FC4S, the 
aggregates remain relatively the same size in the concen- 
tration range studied; therefore, the total aggregates 
surface area, S'tot, for the FC4S aggregates in solution is 
proportional to the concentration, c, whereas for the 
C6o(OH)ig aggregates 5'tot = n^S = cS/N oc c7?g Here, 
S (X R? the smooth surface area of one aggregate and 
«p = cjN is the number density of the aggregates having a 
fractal dimension of 2.5 and an aggregation number 



* There is a factor of 2 missing from the same relation in Ref [6] 



g{r) oc Z’ "'exp(-r/,J) 



( 1 ) 
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Table 1 Summary of the small-angle X-ray scattering (SAXS) re- 
sults for FC4S water solutions, c is the sample concentration, i?g the 
radius of gyration, and a and h the major and minor axes for the 
ellipsoid-like aggregates 



c (mM) 


a (A) 


6(A) 


(A) 


0.35 


30.9 


20.8 


19.1 


0.71 


30.1 


19.9 


18.4 


1.77 


29.7 


19.8 


18.5 


3.2 


27.1 


21.7 


18.3 


6.4 


27.7 


21.9 


18.6 


12.8 


29.1 


21.4 


18.8 


25.6 


29.3 


21.5 


18.9 



Table 2 Summary of the SAXS results for C6o(OH)i8 water solu- 
tions. ^ is the correlation length 



c (mM) 


«(A) 


(A) 


0.71 


9.5 


20.2 


1.77 


12.5 


26.5 


6.1 


13.4 


28.3 


12.2 


15.0 


31.7 


24.4 


17.6 


37.2 


48.8 


20.9 


44.2 



Fig. 5 Synchrotron radiation 
SAXS data for C6o(OH)i8 water 
solutions of low concentrations. 
The data were fitted (curves) 
using a fractal model for the 
aggregates 




N (X M (X ^ [12]^. Furthermore, since Rg grows rough- 
ly linearly with c (see the dashed line in Fig. 6 ), we have 
5totOCc'/2 for C 6 o(OH)i 8 aggregates. This implies a 
slower growth rate of ^tot with concentration, compared 
with Slot oc c for FC4S aggregates. 

Assuming the free-radical scavenging efficiency, e, is 
related to the available C(,o cage surfaces of the fullerene 

^ We consider only the smooth surface of the fractal aggregate of a 
characteriser surface S ex R,^'^ [13]. Since the additional surface 
area inside the fractal aggregate may be blocked to radical species 
owing to the fractal morphology and contribute insignificantly to 
the colision cross-section for radical scavenging activity 



derivatives, namely, the unblocked olefinic moieties of 
the fullerene derivatives as indicated in Ref. [13], we may 
expect e for FC 4 S grows faster with concentration than 
that for C 6 o(OH)i 8 , on the basis of the previous 
discussion of aggregate surface area. This may explain 
why FC 4 S has a similar O 2 suppression efficiency as that 
for C 6 o(OH)i 8 at a lower dose of 50 /tM, but has a 
significantly better efficiency when the dose is doubled to 
100 /rM as reported in Ref. [2], 

Assuming a linear relation of e oc 5'tot, we have 
e oc for the C6o(OH)ig aggregates, since 5'tot oc 
(discussed earlier). Using this relation, we tried to explain 
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Fig. 6 Radii of gyration, Rg, 
for FC4S {circles) and 
C6 o(OH)i 8 (squares) at different 
concentrations fitted with 
straight lines 





Fig. 7 Free-radical scavenging efficiency data, measured for 
C6 o(OFI)i 8 in a xanthine/xanthine oxidase enzymatic system of 
superoxide radicals (Oj), fitted using the relation e ex c''^^ (dashed 
line) The data shown here are redrawn from Ref [1] 



the radical scavenging efficiency data measured in Ref. [1] 
for C6o(OH)ig The result (see the dashed line in Fig. 7) 
suggests that the radical scavenging efficiency for 
C6 o(OH)i 8 is indeed approximately proportional to 
The previous discussion for the relation between the 
aggregation behavior and the radical scavenging activity 
is based on the SAXS results measured for sample 
solutions of concentrations slightly higher than the 
biochemistry concentrations. Limited by the photon flux 
of SAXS, we do not have the mean aggregation sizes for 
FC4S and C6 o(OH)i 8 in the concentrations range from 50 
to 100 juM, where the superoxide-radical eliminating 
efficiencies were measured and compared. We also 
neglected the possible effect of the critical aggregation 
concentration (cac) on the radical scavenging efficiency. 
Nevertheless, the cac value for either FC4S or C6o(OH)ig 
seems to be rather low, as suggested by the measurable 
SAXS intensity for low sample concentrations. This is 
consistent with the low cac values, 0.9 ± 0.7 [5] 
and 2.0 ± 2.6 mM [6], extracted from the data of higher 
concentrations for FC4S and C6o(OH)ig, respectively. 



Conclusion 

We have extended our SAXS study on the aggregation 
behavior of FC4S and C6o(OH)ig to low sample 
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concentrations. In the wide concentration range inves- 
tigated, FC4S forms ellipsoidal aggregates of similar 
size and shape, while C6o(OH)ig forms fractal aggre- 
gates that grow with increasing concentration. We have 
compared the two fundamentally different aggregation 
behaviors of FC4S and C6o(OH)ig and proposed a 
relation between the total aggregate surface area and 
the radical scavenging activity. It seems that their 



concentration-dependent radical scavenging efficiencies 
can be explained qualitatively on the basis of their 
aggregation behavior. 
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Abstract Calix[«]arenes and their 
amphiphilic derivatives act as strong 
ligands, by selectively binding ca- 
tions and small organic molecules 
(such as chloroform, toluene, fulle- 
rene). The presence of a cavity and 
of specific electron donor sites re- 
sults in their ability to form stable 
host-guest systems with electron- 
acceptor molecules. We report our 
studies on the interfacial properties 
of amphiphilic calixarenes, both at 
the liquid/liquid and at the air /liquid 
interfaces, and their selective com- 
plexation of alkaline cations and 



small organic molecules, by per- 
forming Langmuir isotherms and 
small-angle neutron scattering ex- 
periments. Changing the guest spe- 
cies, the functional groups, and the 
experimental conditions (such as 
temperature, concentration, and 
ionic strength) can efficiently modu- 
late the interfacial properties of these 
amphiphilic ligands. 

Key words Calix[n]arene(s) • 
Monolayer(s) • Host-guest • 
Inclusion compound(s) • Small- 
angle neutron scattering 



Introduction 

Calix[«]arenes are cavity-shaped cyclic molecules made 
up of n phenol units linked through alkylidene bonds 
(Fig. 1). R (lower rim) can either be a hydrogen atom, an 
alkyl chain (usually 1-8 carbons), or even a crown ether 
ring, bridging different phenolic units across the calixa- 
rene molecule. R\ (upper rim) can be H, an alkyl chain, 
OH, SH, COOH, COOR, and so forth. 

Calixarenes, as well as cyclodextrins and crown ethers 
are considered to be the third generation of supramol- 
ecules [1-3]. The peculiarity of these compounds resides 
both in their host-guest properties and in the powerful 
selectivity towards different ions and small organic 
molecules. These cavity-bearing macrocycles have al- 
ready been tested for setting up liquid membranes and 
ion-selective electrodes in order to detect and separate 
alkali ions [4]. 

Calixarenes show a particular binding efficiency 
towards alkali- and alkaline-earth metal ions, depending 
on their stereochemical conformation [1-3]. The rate of 
complexation depends on the nature of the ligand, of the 



guest species, of the solvent, and on the desolvation of 
the ligand sites prior to complexation. The Corey- 
Pauling-Koltun (CPK) models provide a useful tool for 
predicting both the conformational and geometrical 
properties (volume, cross-section, and cavity dimension) 
of these macromolecular systems. CPK models of several 
calix[«]arenes indicate that the aryl units have a certain 
degree of flexibility, depending on the number of aryl 
units (n), because of the interconversion between differ- 
ent structures, as illustrated in Fig. 2 in the case of 
calix[8]arene [7-9]. The presence of crown ether rings in 
the lower rim dramatically decreases the flexibility of the 
whole molecule [7-9]. 

The nature and the position of the substituting groups 
in calix[n]arenes strongly affect their selectivity in binding 
ions and organic molecules. As a matter of fact, when 
i?i=C(CH 3 ) 3 , the thermodynamic stability of ca- 
lix[4]arene/alkali-ion complexes shows a sequence of 
binding efficiency for alkali ions in solution that decreas- 
es in the order partial cone> 1,3-alternate > cone [7-9], 
Unlikely, the 1,3-alternate conformation is favored for 
unsnbstituted calixarenes, which results in an increased 
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Fig. 1 Phenolic unit showing the R and residues in calix[n]arenes 
and the typical cone-shaped conformation of calix[n]arenes 




Fig. 2 Calix[8]arene pleated loop conformation and ring flexibility 

complexation efficiency and ion selectivity in the order 
1,3-alternate > partial cone > cone [7-9]. 

For calix[«]arenes with « = 6 and 8, these effects are 
less significant, as the increased size of the cavity and the 
ion selectivity of these hosts are not strongly affected by 
the different conformation adopted by the whole mac- 
rocycle. In these cases the ion or molecule complexation 
basically depends on the size of the ligand’s cavity and of 
the guest molecule. 

Since calix[«]arenes are mostly water-insoluble, they 
form stable Langmuir films at the air/water interface. 
The surface properties of such monolayers basically 
depend on the nature of the ligand, the spreading solvent, 
the subphase, temperature, and pH [5, 6, 10-12]. The 
formation of very stable complexes between ca- 
lix[n]arenes and alkali ions has been observed and 
investigated, and the selectivity of different ligands 
towards various ions has been ascertained. 

In solution, macrocyclic ligands such as calix[«]arenes 
may be of great help in understanding cation-micelle 
interactions. In this perspective, small-angle neutron 
scattering (SANS) experiments can be performed to 
determine the micelle-macrocyclic cage interactions at 
the micellar interface [11, 12]. In fact, by depicting a 
micelle as a compact particle formed by a hydrophobic 
core (surfactant’s aliphatic tails) and a hydrophilic shell 
(polar headgroups, solvent molecules, and counterions), 
the [macrocyclic-ion] ^ complexes will tightly stick to the 
hydrophilic layer, and an increment in the ligand-to- 



surfactant molar ratio will modify the surfactant’s 
self-assembling behavior and will result in significant 
changes in the geometrical micellar parameters. 

We report a concise review of our studies on the ion 
complexation carried out by some calix[«]arene deriva- 
tives, in spreading monolayers at the air/water interface 
and in micellar dispersions of cesium and potassium 
dodecyl sulfate. 



Materials and methods 

The calix[«]arenes were either a kind gift from A. Pochini, R. 
Ungaro and coworkers (University of Parma, Italy) (HXAM, 
CARB-CAL6, C3CAL6, C3CAL5, and CgCALh) or were pur- 
chased from Acros (Belgium) (CAL6 and CALS) and were used as 
received. 

For monolayer experiments we followed procedures reported 
earlier [5, 6, 10, 11]. The complexation properties of each ligand 
were studied as a function of the subphase composition by using 
1 M water solutions of Na"^, K^, and Cs^ and 0.1 M water 
solutions of C(NH2)3 (GNDT). In the case of calix[8]arene the 1:1 
complex with €50 fullerene was also investigated. 

SANS experiments were performed according to procedures 
described in previous work [11, 12]. In each sample, the surfactant 
concentration (cesium or potassium dodecyl sulfate in deuterium 
oxide) was kept constant (1% w/w), while the calixarene-to- 
surfactant molar ratio was scaled up. 



Results and discussion 

The different calix[«]arene-based ligands used in these 
studies are shown in Figs. 3, 4, and 5. 

CAL6, HXAM, and CALS produced stable mono- 
layers, while C3CAL6, C3CAL5, and CgCAL6 were 
added to CsDS or KDS solutions in D2O for SANS 
experiments. All the experimental results are shown in 
the tables. 

Spreading n/A isotherms provided the limit area 
(Alim, A^molecule“'), the collapse pressure (tIcoIL 
mNm“'), the compressibility modulus (C^^', mNm“^), 




Fig. 3 Chemical structure of CAL6, HXAM, and CAL8 
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CARB-CAI.6 

Fig. 4 Chemical structure of CARB-CAL6 




Fig. 5 Chemical structure of the crown ether based calix[ 4 ]arenes 
(C3CAL6, C3CAL5, and CsCAL6) 



and the Gibbs’ free-energy change of spreading (AGsait, 
kJmor*). was evaluated as the x-axis intercept of 
the tangent line in the condensed-phase region of the 
spreading isotherm; tIcoh was determined as the maxi- 
mum surface pressure before the collapse of the film; 
AGsait was calculated for a specific n range, according fo 
the formula AGsait = /o’' (-4sait -^water)d?i, where ^sait 
and ^water ^re the monolayer areas between 0 and n for 
monolayers spread over a salt solution and pure water, 
respectively [5]. The data for and determined at 
20 °C and for AGsait calculated at 25 °C are reported in 
Tables 1, 2, and 3 for different ligands and different 
subphases. CAL6 and HXAM form stable monolayers 



Table 1 (20 °C) and AGsait (25 °C) values for CAL6, HXAM, 

and CARB-CAL6 



Subphase 


CAL6 




HXAM 




CARD- 


-CAL6 




^lim 


^^salt 


^lim 


^G^salt 


^lim 


^^salt 


Water 


180 


_ 


258 


_ 


192 


_ 


HCl (pH 3) 


185 


- 


258 


- 


- 


- 


1 M NaCl 


190 


-0.5 


304 


2.0 


- 


- 


1 M KCl 


195 


1.5 


311 


3.8 


210 


1.3 


1 M CsCl 


210 


2.5 


339 


9.9 


187 


-0.3 


0.1 M 
C(NH2)+ 


165 


-2.0 


318 


6.0 


” 


■ 



Table 2 ,4iim (20 °C) and AGsait (25 °C) values for crown ether 
based calixarenes 



Subphase 


C3CAL6 


C3CAL5 


CgCAL6 


Alim 


^^salt 


Alim 




Alim 


AG,„t 


Water 


100 


_ 


122 


_ 


93 


_ 


1 M KCl 


102 


0.0 


160 


3.1 


96 


0.7 


1 M CsCl 


111 


1.1 


133 


1.2 


101 


1.3 



Table 3 and ’ (20 °C) values for CALS and the Csq-CALS 
complex. Aii^ (±3, A^molecule^'); AGsait = /o” (-^sait - -4water)dK 
(±0.2, kJ/mol); Cs"' (±10, mNm^') 



Solvent 


CALS 




Cfio-CALS 




Alim 




Alim 


C~^ 


CHCI 3 


68 


110 






C 6 H 5 CH 3 


87 


95 








108 


90 






CH 2 CI 2 


167 


70 






CCI 4 


75 


110 


59 


149 



at the air/water interface at all temperatures. The An^ 
values indicate that CAL6 molecules are arranged in a 
perpendicular orientation at the interface, optimizing 
the hydrophobic interactions between interdigitated 
tert-butyl tails and the hydrogen bonding between 
facing lower rims of adjacent molecules (Fig. 6). The 
Aii^ and AGsait values show that at the air/water 
interface, CAL6 forms stable complexes with alkali 
ions, with the selectivity decreasing in the order 
Cs^ > > Na^ > GND^. The same perpendicu- 

lar orientation of the ligand molecules spread at the air/ 
water interface was found for HXAM, but the trend of 
the selectivity towards ions is Cs^ > GND^ > 
K+ > Na^. Owing to the strength of Cs^ and 
GND^ complexes with CAL6 and HXAM and to 
strong electrostatic repulsions between complexed li- 
gand molecules, these ions dramatically affect confor- 





241 



Table 4 Fitting parameters 
extracted from small-angle 
neutron scattering experiments 





C 3 CAL 6 /CSDS 


C 3 CAL 5 /KDS 


CsCAL 6 /CsDS 


0 % 


5% 


0 % 


5% 


0 % 


5% 


Aggregation number 


110 


127 


87 


95 


110 


278 


Ionization (%) 


13.6 


8.0 


26.0 


19.0 


13.6 


4.5 


Shell thickness 


5.0 


5.5 


4.7 


4.7 


5.0 


7.0 


Short axis 


18 


18 


17 


18 


18 


20 


Axial ratio 


1.6 


1.9 


1.5 


1.5 


1.6 


3.0 


Average diameter 


52 


56 


49 


51 


52 


73 


Hydration 


7.5 


8.2 


8.4 


8.2 


7.5 


7.5 




mational changes in CAL6 and HXAM and interfere in 
the ligand’s parallel-to-perpendicular orientation tran- 
sitions. Regarding CALS (Table 3), the An^ values 
indicate that this ligand does not adopt a cone-shaped 
conformation (Fig. 1) at the air/water interface. In fact 
the cross-sections calculated according to the CPK 
models are 322 and 140 A^molecule^' for the pleated 
loop conformation (Fig. 2) in the parallel and perpen- 
dicular molecular orientation at the air/water interface, 
respectively (Fig. 6). For the cone-shaped conforma- 
tions much higher values would be expected. The 
compressibility modulus values, = -A(dn/dA)'Y, 
range between 70 and llOmNm”', indicating that 
CALS monolayers are in the liquid-expanded phase 
with fluidlike hydrophobic chains in the whole A range 
investigated [10]. These findings indicate that the larger 
the ring, the more flexible the whole calixarene mole- 
cule. Another confirmation of the existence of the 
pleated loop conformation is the change in Aiim with 
the nature of the spreading solvent, as a result of the 
different interactions established between the ligand and 
the solvent molecules. CALS forms stable inclusions 
complexed with C6o fullerene, as shown by the lowering 
in Alim and the increment in the values. The 
formation of the C60-CAL8 complex was also con- 
firmed by means of UV-vis spectroscopy performed on 
Langmuir-Blodgett films and on collapsed material 
transferred onto quartz plates. CARB-CAL6 monolay- 
ers indicate the presence of strong interactions in the 
case of the complex with ions. Preliminary results 
from monolayer and black lipid membranes experi- 
ments suggest the formation of dimers through hydro- 
phobic interactions and hydrogen bonding. Finally, in 



Fig. 7 Model for the micellar structure as used in the small-angle 
neutron scattering fitting program 

the case of crown ether based calix[4]arenes (C3CAL6, 
C3CAL5, and CgCAL6), the n/A isotherms show that 
these ligands are selective for either potassium or cesium 
depending on the crown ether cavity size. The same 
ligands were added to potassium or cesium dodecyl 
sulfate micellar solutions in D2O in order to investigate 
the modification induced on the micellar interface 
charge by the ligand’s complexation by SANS experi- 
ments. The absolute intensity, corrected for cell by cell, 
the background scattering, transmissions, and detector 
efficiency, and calibrated for absolute intensity with 
H2O, was calculated with fitting programs, and provid- 
ed the parameters listed in Table 4. The fitting program 
was set up by depicting the micelle structure as sketched 
in Fig. 7, as already mentioned in the Introduction. 



Conclusions 

We reported a summary of our work on some ca- 
lix[n]arene derivatives, with different cavity size and 
selectivity towards specific ions. According to our 
experiments, the conformations of calix[«]arenes depend 
on the number of aryl units and on the kind of 
substituents on the upper and lower rims. Cone-shaped 
conformations were found for CAL6 and its amide 
derivative (HXAM), while CALS possesses a pleated- 
loop conformation. Calix[4]arenes with crown ether 
bridges, which force the ligand molecule into a 1,3- 
alternate conformation, were found to specifically bind 
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potassium and cesium ions. This evidence was used to 
monitor the interface charge variation in the micellar 
dispersion by addition of proper amounts of crown ether 
based calix[4]arenes. 
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Abstract We show that unilamellar 
vesicles composed of zwitterionic 
lipids such as dipalmitoylphosph- 
atidylcholine can fuse in the presence 
of DNA. Ca^^ ions are required to 
induce fusion. Nonradiative energy 
transfer was used to monitor the 
fusion process. The dependence 
of the extent and kinetics of fusion 
on the mode of preparation, the 
size of the vesicles, calcium concen- 
tration and lipid concentration was 



investigated. Small unilamellar vesi- 
cles of size less than 50 nm fuse 
rapidly, whereas vesicles larger than 
100 nm will not fuse. 



Key words DNA-lipid complexes • 
Lipid mixing assay • Vesicle fusion 



Introduction 

Gene therapy is a new medical treatment with the 
potential to cure diseases at the molecular level. It is 
becoming a more realistic goal with the rapid advances 
being made in molecular biology. The most important 
obstacle in this new technology is in achieving efficient 
delivery of DNA in vivo [1]. Cationic vesicles composed 
of synthetic and/or natural components are, at present, 
the most popular choice of nonviral genetic delivery 
vehicle. They are receiving much interest from the 
scientific community and are also available commercially 
for transfection of tissue cultures. Natural phospholipids 
offer a distinct advantage over cationic lipids in that they 
lack cytotoxicity. Zwitterionic phospholipids do not 
complex spontaneously with DNA like cationic lipids, 
but their interaction can be mediated by the addition of 
divalent cations [2]. It was shown previously that DNA is 
able to induce polymorphic phase transitions in lecithins 
in the presence of calcium cations [3]. Also, the number 
of lipid molecules interacting with DNA in the complex 
was estimated from temperature-scanning ultrasound 
velocimetry [4]. 

In the present work, we looked at the interaction of 
small unilamellar vesicles (SUV) and large unilamellar 
vesicles (LUV) composed of dipalmitoylphosphatidylch- 



oline (DPPC) with short fragments of DNA. We have 
recently found in preliminary small-angle X-ray scatter- 
ing experiments that DNA intercalates between the 
lamellar membranes of DPPC, after mixing DNA with 
SUV in the presence of calcium. The formation of such a 
highly organized structure implies that lipid vesicles 
should break during complex formation. The purpose of 
the present work is to show that lipid mixing occurred 
during this complex formation. A lipid mixing assay was 
employed which used nonradiative energy transfer 
(NRET) between two fluorescent membrane probes to 
monitor lipid mixing. We propose a two-wavelength 
excitation method, where we express the efficiency of 
transfer, E, as the ratio of sensitized emission to acceptor 
emission when the acceptor is excited directly. We show 
the effect of calcium and lipid concentration on the extent 
of fusion and also show that vesicle size determines 
whether fusion occurs or not. 



Materials and methods 

DPPC, A-(7-nitro-2, 1 ,3-benzoxadiazol-4-yl)dipalmitoylphosphati- 
dylethanolamine (NBD-PE) and A-(lissamine rhodamine B sulfo- 
nyl)dipalmitoylphosphatidylethanolamine (Rh-PE) were purchased 
from Avanti Polar Lipids (Alabaster, Ala., USA) and were used 
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without further purification. Appropriate amounts of DPPC was 
weighed out and dissolved in freshly distilled chloroform. To this, 
appropriate volumes of NBD-PE and Rh-PE from stock CHCI3/ 
CH3OH (3:1 v/v) solutions were added for the labelled vesicle 
preparation. The resulting solution was mixed well and dried with a 
stream of N 2 and dried under vacuum overnight. 

The films of lipid (labelled and unlabelled) were hydrated with 
5 mM A-(2-hydroxyethyl)piperazine-A'-ethanesulfonic acid 
(HEPES, Sigma) buffer at pH 7.5 for 1 h at room temperature 
and then a further 1 h at 50 °C vortexing intermittently. LUV of 
diameter 100 nm were prepared by passing this multilamellar 
suspension through a miniextruder (Avanti Polar Lipids) with two 
stacked (Nucleopore) polycarbonate membranes (100-nm pore 
size), a total of 11 times at 50 °C. The lipid concentration was 
determined by the Stewart assay [5]. SUV were prepared from the 
same multilamellar suspension diluted to 1 g/1, by sonication in a 
temperature-controlled ultrasonic bath (Cole-Parmer 8890) for 1 h 
under an Ar atmosphere at 50 °C. The resulting SUV suspension 
gave vesicle sizes between 30-50 nm in diameter which were 
measured by dynamic light scattering and the vesicles were tested 
for degradation products by a standard Bligh-Dryer extraction and 
subsequent thin-layer chromatography [6]. At this low level of 
ultrasonic intensity there was no appearance of degradation 
products. All fluorescence spectra were taken with a PerkinElmer 
LS-50 luminescence spectrometer with a stirring cell holder 
thermostated by an external water bath. The concentrations of 
both fluorescence probes were determined spectrophotometrically 
using a Helios UV-vis spectrometer using the quoted extinction 
coefficients in methanol [7]. 

Calf thymus DNA from Sigma was used in the current work. 
Purification was carried out using the standard chloroform/phenol 
extraction procedure [8]. Short fragments were prepared by 
sonication of the DNA solution after purification, at a concentra- 
tion of 2 mg/cm^, in 50 mM sodium citrate buffer (trisodium 
dihydrate from Aldrich) and 2 mM ethylenediaminetetraacetate 
(disodium salt dihydrate from Sigma) at pH 7.0. This procedure 
was continued for 12 h on ice under a nitrogen atmosphere using a 
VC 50 ultrasonic processor (Sonics and Materials, Danbury, 
Conn., USA) at low intensity. The DNA was dialysed exhaustively 
against 5 mM HEPES, pH 7.5 buffer using Spectra/Por 1 
membrane tubing (Spectrum Medical Industries, Calif, USA) 
which had a molecular-weight cutoff of 6-8,000 Da. All fhe water 
used was distilled and purified using a Milli-Q RG apparatus from 
Millipore (Ireland). 



Results 

We used a lipid mixing assay based on NRET to 
elucidate the mechanism and rate of complex formation 
[9, 10]. This approach relies upon the interactions which 
occur between two fluorophores in close proximity when 
the emission band of one (the energy donor, NBD-PE) 
overlaps with the absorption band of another (the energy 
acceptor, Rh-PE). The method used here was to incor- 
porate both probes in one population of vesicles with an 
initially high efficiency of transfer. When such vesicles 
fuse with an unlabeled population, in the presence of 
DNA and calcium, the probes effectively dilute within 
the newly formed membrane. As a result, their average 
distance increases with a reduction in the efficiency of 
transfer according to Eorster’s equation for transfer 
efficiency as a function of the distance between the donor 
and acceptor [1 1]. At low surface densities of Rh-PE (less 




0.0 0.5 1.0 1.5 2.0 2.5 

Acceptor, mol% 

Fig. 1 The dependence of E on the surface density of the acceptor, 
measured at two temperatures. The dosed circles are at 25 °C (gel 
phase) and the open circles are at 50 °C (fluid phase) 

than 0.7 mol% with respect to total lipid) the efficiency of 
transfer is nearly linearly related to the ratio of acceptor 
lipid to total lipid in the vesicle membrane (Eig. 1). In 
order to calculate E, essentially the quantum yield (or 
emission intensity) of the donor must be measured in the 
presence and absence of acceptor molecules. A common 
procedure is to solubilize the vesicles by adding deter- 
gents such as Triton X-100 using the relationship 

E^l-F/Fo, (1) 

where F is the fluorescence intensity at the donor 
emission maximum (530 nm) and Fq is the intensity at 
the same wavelength in the presence of Triton X-100, 
with correction for donor quenching and dilution [10]. 

As the emission of the donor is measured, any changes 
in the donor quantum yield during complex formation 
can give rise to a signal which could be interpreted as 
lipid mixing. 

In the present system, it was found that the fluores- 
cence spectrum of the labelled vesicles was affected by the 
addition of DNA and calcium without any unlabelled 
vesicles present. So, we developed a method to calculate 
E which is independent of the quantum yield changes 
that occur during complex formation. The emission 
intensity from a fluorescent molecule excited at X,. and 
detected at X can be expressed as [12] 

F{X) ^ E{X^)(pf{X)cIok , (2) 

where £(Ae) is the extinction coefficient at the excitation 
wavelength, (p is the quantum yield, /(/.) is the fraction of 
total emission that occurs at the wavelength X, c is the 
concentration of absorbing molecules and /q is the 
intensity of the incident light. The instrumental constant 
k depends on the characteristics of the spectrometer and 
the geometry of the experiment. In the following 
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expressions, and X2 refer to the wavelengths of the 
maximum absorption of donor and acceptor. A3 and A4 
refer to donor and acceptor emission maxima, respec- 
tively. First, we calculate the fluorescence intensity at A4, 
F'^i, with excitation at X\. contains the sensitized 
emission from the acceptor, emission from the acceptor 
when excited at Ai and the contribution of donor 
emission at X4. 

Fn = [^D cd£’<Pa + £a ca 9k + cd ( 1 - £■) <Pd] , 

(3) 

where and are the extinction coefficients of donor 
and acceptor at Ai. cu and ca are the concentrations of 
donor and acceptor and <p£, and are the quantum 
yields of the donor and acceptor, is the emission of 
the donor at A4 relative to A3. F^f expresses the 
fluorescence intensity with excitation at Ai and observa- 
tion at A3. It contains the terms for direct excitation of the 
donor and the contribution of acceptor emission at A3, 
is the acceptor emission at A3 relative to A4. 

Fl^ = Iok[s’^cu{l - E)q>^ -h/f edCd^-Pa] (4) 

F^2 expresses the fluorescence intensity when exciting 
at A2 and observing at A4 and contains only the direct 
excitation term of the acceptor. 

Fn = Wef ca<Pa (5) 



E can be calculated by using Eqs. (3), (4) and (5) to 



yield 
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where ‘^a/ed'^d is the ratio of acceptor absorbance to 
the donor absorbance of the sample. In the derivation of 
Eq. (6) we relied on the fact that the l^k term in Eq. (2) 
stays constant when the excitation wavelength is changed 
from Aj to A2. This depends on the corrections for the 
spectral characteristics of the light source and the 
detector. Also, the ratio of the acceptor absorbance to 
the donor absorbance is difficult to determine accurately 
in vesicles owing to the strong scattering contribution to 
the spectra. So, Eq. (6) is exact for the proportionality 
factor which has to be measured for each particular 
vesicle preparation and spectrometer setting. 

We obtained the proportionality factor in two ways. 
Eirstly, at high acceptor concentration the efficiency of 
transfer should be 1. A chloroform solution of DPPC 
with a relatively high acceptor (2 mol%) and donor 
(1 mol%) concentration was prepared and subsequent 
additions of DPPC were made, effectively diluting the 
probes by unlabelled lipid. From each sample, vesicles 
were prepared as described before. The proportionality 
factor was calculated by setting E for the sample with the 
highest probe concentration to 1 . The ratio of the probe 
concentrations remained constant in all the other 



samples, so the same proportionality factor can be used 
to calculate E. The dependence of E on the surface 
density of the acceptor is shown in Fig. 1. F is 
independent of the surface density of the donor [10]. 
The dependence of E on the surface density of the 
acceptor obtained this way is similar to the dependence 
calculated from Eq. (1) for the same probes [10]. In the 
other way, the proportionality factor was calculated 
using Eq. (1) for each vesicle preparation and then the 
changes in E that occurred upon the addition of DNA 
and Ca^^ were calculated using Eq. (6). The advantage 
of Eq. (6) is that changes in E calculated this way are less 
susceptible to the light scattering contribution to fluo- 
rescence that occurs when aggregates are formed. Also, 
Eq. (6) takes into account any changes in the quantum 
yield of the probes that occur upon addition of other 
molecules to the system. Thus, the changes in E during 
the fusion experiments are purely a result of probe 
dilution during lipid mixing. 



DNA-induced fusion of SUV 

The stability of SUV and LUV in the absence and 
presence of DNA and Ca^^ with time are shown in 
Eig. 2. It shows how SUV are susceptible to slow 
spontaneous fusion in the absence of DNA and Ca^^, 
which is well known from the literature [13]. However, in 
the case of SUV when DNA and Ca^^ were added, E 
rapidly decreased. A two-stage process for SUV fusion is 
shown. Initially, there was fast lipid mixing, which was 
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Fig. 2 The fusion of small unilamellar vesicles (SUV) (dosed circles) 
and large unilamellar vesicles (LUV) (dosed squares) in the presence of 
DNA and Ca^'*' as a function of time. Also shown is the spontaneous 
fusion of SUV (open circles) and LUV (open squares) in the absence of 
DNA and Ca^'*'. The DNA phosphate-to-lipid molar ratio was 1:4 
and the ratio of labeled to unlabeled vesicles was also 1 :4 with both 
types of vesicles. The calcium concentration was 10 mM. The total 
lipid concentration was 100 ^iM. Measurements were taken at 25 °C 
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Fig. 3a-c The dependence of fusion on concentration, a, b and 
c are 0.1, 1 and 10 mM, respectively. The DNA phosphate-to-lipid 
molar ratio was 1 :4 and the ratio of labelled to unlabelled vesicles was 
1:4. The graphs initially show the vesicles and DNA present with 
Ca^^ added at time zero. The total lipid concentration was 100 iiM. 
Measurements were taken at 25 °C 

faster than the time resolution of our measurements 
(about 1 3 s), followed by a slower decrease in the transfer 
efficiency over 90 h. Using the dependence of E on the 
acceptor concentration at 25 °C (Fig. 1) we can calculate 
the extent of fusion taking into account that the initial 
ratio of labeled to unlabeled vesicles is 1:4. Fusion of 
100% corresponds to the case where all the lipids are 
mixed, so the acceptor concentration in the bilayer 
decreases by 5 times. The extent of fusion calculated for 
the rapid first stage is 65% and after 90 h the extent of 
fusion is 82%. LUV were relatively stable over time and 
the presence of DNA and Ca^ ^ causes LUV aggregation 
without any indication of fusion. So, we can conclude 
that it is fusion upon the interaction of DNA and Ca^ ^ 
which causes lipid mixing in the case of SUV. We can 
exclude, for example, probe transfer between adjacent 
bilayers in DNA lipid aggregates. 



Fig. 4 The dependence of fusion on the total lipid concentration: 
a 25 pM and b 100 pM. The DNA-to-lipid molar ratio was kept 
constant at 1:4 and the ratio of labelled to unlabelled vesicles was also 
kept constant at 1:4. Ca^'*' (10 mM) was added at time zero. 
Measurements were taken at 25 °C 

followed by a slower phase. The extent of fusion above 
1 mM was 65-75% for the concentration range studied 
(0.1-50 mM) after 45 min. The stock vesicle suspension 
used in the Ca^^ -dependence experiments had an extent 
of spontaneous fusion over the entire time course of the 
experiments of less than 5%. 



Vesicle concentration dependence 

The dependence of the extent of fusion of SUV on lipid 
concentration in the presence of DNA and Ca^^ for 25 
and 100 /rM lipid is shown in Fig. 4. The rate of fusion in 
the concentration range studied (25-200 /rM) was in all 
cases faster than the time resolution of the measure- 
ments, even at 25 /iM, which was as low as the sensitivity 
of the spectrometer would allow. The extent of fusion 
was approximately the same for all the lipid concentra- 
tions studied. 



Calcium concentration dependence 

The dependence of fusion on Ca^^ concentration is 
shown in Fig. 3. With 0.1 mM there is no noticeable 
change in E. Above 1 mM we observe rapid changes in E 



Discussion 

Vesicles of all sizes will eventually fuse; this is primarily 
due to the reduction in the free energy owing to the 
loss of stress from the curved surfaces. Generally 
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electrostatic, steric and hydration forces create a suffi- 
ciently strong repulsive barrier to prevent membranes 
coming into close contact. These forces are believed to 
maintain the colloidal stability of the vesicle suspension 
under physiologically relevant conditions [14]. Conse- 
quently, to initiate vesicles aggregation one must diminish 
the intermembrane repulsion. Lowering the number of 
charges or decreasing the number of water binding sites on 
membranes or condensing their interfaces lowers the lipid 
bilayer repulsion and facilitates vesicle aggregation. 

We showed that low concentrations of Ca^^ in the 
presence of DNA are required to initiate lipid mixing 
between labeled and unlabeled SUV. As lipid mixing 
does not occur during transient vesicle collisions [10] but 
only during vesicle aggregation that result in fusion, it is 
therefore DNA which acts in bringing the vesicles 
together so that fusion may occur. 

Calcium binds strongly to negatively charged phosp- 
holipids such as phosphatidylserine [15] and phosphat- 
idylglycerol [16]. Indeed, calcium-promoted fusion has 
been extensively studied in vesicles composed of phos- 
phatidylserine or cardiolipin with phosphatidylcholine 
[17, 18]. Calcium binding to zwitterionic lipids such as 
phosphatidylcholines is rather weak. It was found that 
the ratio of bound Ca^^ to DPPC liposomes is 0.03-0.08 
per DPPC molecule as determined by different tech- 
niques [19, 20]. So, Ca^^ alone actually stabilizes 
zwitterionic vesicle suspensions by adding this slight 
positive charge to the surface [19]. It therefore must be 
the interaction of the vesicles with DNA mediated by 
Ca^^ which leads to lipid mixing. Figure 3 shows that 
the critical concentration where Ca^^ induces fusion is 



between 0.1 and 1 mM. This compares with our previous 
findings where in this region of Ca^^ concentrations 
DNA partitioned into a reversed micellar phase of 
phosphatidylcholines in cyclohexane [21]. 

LUV aggregate but do not fuse in the presence of 
Ca^^ and DNA. This resistance of LUV to fusion was 
observed previously in the poly(ethylene glycol) (PEG) 
mediated fusion of DPPC vesicles. SUV were found to 
fuse rapidly but LUV (even when severely dehydrated) 
did not fuse unless the bilayer was disrupted in some 
way [13]. The highly curved membranes of SUV 
increase their propensity for fusion. The comparison 
between our vesicle fusion with Ca^^ and DNA with 
the PEG-mediated fusion of DPPC shows similar 
results in that vesicles smaller than 70 nm in diameter 
were readily fused, whereas vesicles greater than 90 nm 
in diameter did not fuse [13]. So this raises an 
interesting question as to the structural events that 
occur during the DNA-Ca^ ^ -induced fusion of DPPC 
SUV. Eipid mixing can be brought about by DNA- 
induced aggregation of the vesicles, followed by close 
approach of the curved membranes, leading to fusion. 
Additionally, SUV can be ruptured upon the interac- 
tion with DNA in the presence of Ca^^. In the 
aggregates, ruptured SUV can reseal with other vesicles, 
causing lipid mixing. This question will be the focus of 
further study. 
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Abstract We describe the use of 
supramolecular assemblies of phos- 
pholipidic molecules as a support for 
the surface-mediated synthesis of 
inorganic nanoparticles. Diacetylen- 
ic phospholipids such as DCg ^PC 
are known to form hollow tubular 
microstructures retfered to as tu- 
bules. Mineralization of DCg ^PC 



tubules is obtained by nucleation 
and growth of an iron oxyhydroxide 
on their surface. This leads to 
tubular organic-inorganic hybrid 
microstructures. 
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Introduction 

We report the use of self-assemblies of amphiphilic 
molecules as a support for the precipitation of aniso- 
tropic iron oxide nanoparticles. The organic template is a 
hollow cylinder made of tensioactive molecules. These 
molecules are phospholipids, namely diacetylenic phos- 
pholipid (DC„ „jPC). This phospholipid forms bilayers in 
water which have the specificity to roll themselves up into 
open-ended hollow tubes at room temperature, giving 
rise to so-called lipidic tubules (Figs. 1, 2) [1]. Tubule 
formation is driven by a reversible first-order phase 
transition from a intralamellar chain-melted Lo, phase to 
a chain-frozen \^p* phase [2], the tubule phase being the 
one in which the hydrocarbon chains are highly ordered 
[3]. The DCg^gPC chain-melting transition temperature is 
approximately 43 °C [4]. Above this temperature 
DCg ^PC forms liposomes in aqueous solutions. 

Their rigidity, hollowness, high aspect ratio and 
resistance to a wide range of pH and ionic strength 
make the tubules suitable for technical applications and 
model bioinorganic template synthesis [5]. It was shown 
that lipidic tubules could be metallized by electroless 
deposition of copper [1] or permalloy [6] and mineralized 
by chemical precipitation of metal carbonates [7] or 
coated with pre-formed silica particles [8]. Archibald and 
Mann [9] described the coating of galactocerebroside 
tubules with iron. 



Despite their interesting morphology (high aspect 
ratio and hollowness) and their chemical resistance, 
DCg ^PC tubules have not been used yet for the template 
precipitation of ferric species. After studying the inter- 
actions between iron oxide nanoparticles and DCg ^PC 
tubules [10], our purpose is now to perform the 
mineralization of DCg^gPC tubules that are easier to 
prepare than the galactocerebroside ones. We shall refer 
to mineralization as to the surface-specific polyconden- 
sation of mono- or oligomeric species present in the bulk 
solution. 



Experimental 

The tubular lipidic micro structure were prepared with 1,2- 
bis(10,12-tricosadiynoyl)-.s«-glycero-3-phosphocholine (DCg^gPC) 
obtained from Avanti Polar Lipids and used as purchased. In 
order to get tubules, we used the so-called precipitation method 
firstly described by Georger et al. [4], which consists of the 
solubilization of the lipid in an appropriate solvent and the further 
precipitation by addition of water. Water was added to a solution 
of DCg cjPC in ethanol, the water/ethanol ratio being about 40:60 
(v:v) and the final concentration of lipids being approximately 1 g/ 
1. A fiocculent precipitate of tubules was observed. This precipitate 
was centrifuged at 6000 rmp for 15 min and the resulting pellet was 
dispersed in distilled water. The tubules obtained had a constant 
diameter of 0.5 jim and were multiamellar. Their length ranged 
from a few microns to tens of microns. 

According to Schnur and co workers [11] the self-assembly 
process of DCg.gPC tubules begins with the formation of helical 
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Fig. 1 Transmission electron microscopy (TEM) picture of a 
DC8 ,i;PC tubule colored with ammonium molybdate. The ribbons 
fused to form a smooth surface. The bar represents 500 nm 




Fig. 2 TEM picture of DCg gPC tubules colored with uranyl acetate. 
Several overlapping open ribbons form an edged tubule. The bar 
represents 500 nm 



ribbons that fuse into cylinderical tubules to reduce their edge 
energy. We established that the tubules’ precipitation rate allows 
some control of the proportion of ribbons. Rapid precipitation 
leads to cylindrical structures constituted of overlapping wound 
ribbons; we call them edged tubules for they are lipidic tubules that 
bear large numbers of bilayer edges exposed to the solvent. Fused 
ribbons obtained by slow precipitation are refered to as smooth 
tubules. 

Mineralization of the tubules was performed by slow hydrolysis 
of an aqueous solution of iron(III) chloride in the presence of 
DCg ijPC tubules. An aqueous dispersion of the tubules was thus 



prepared, then centrifuged. The heavy phase of the tubules (around 
10 g/1) was then dispersed in an aqueous solution of iron chloride. 
On leaving the FeCl 3 /DCg_ 9 PC tubule mixture at room temperature 
for aging, the hydrolysis of the ferric species drives the polycon- 
densation process. It gives rise to a yellow-brown precipitate. 
The effects of the aging time, of the reactant concentrations and of 
the nature of the tubules (edged or smooth) were investigated. The 
ferric species concentration ranged from 10^’’ to 1 moff'and the 
tubule concentration ranged from 0.1 to 20 gff'. 

Optical microscopy and transmission electron microscopy 
(TEM) were performed in order to confirm the effective mineral- 
ization of the DCg gPC tubules. The nature of the inorganic species 
deposited on the tubules was indentified by electron scattering. 
TEM and electron scattering were performed using a JEOL 
lOOCXII top-entry UHR electron microscope on samples deposited 
on carbon films and air-dried. Tubules without ferric precipitate 
were colored by negative stain with an aqueous solution of 
ammonium molybdate or uranylacetare (2 wt%). Mineralized 
tubules were observed without coloration. 



Results and discussion 

TEM photographs of the structures obtained are shown 
in Figs. 3 and 4. Two types of objects are observed; 
mineralized tubules (Fig. 3a), which are covered with 
iron oxyhydroxide microcrystals, and decorated tubules 
(Fig. 4), which bear discrete particles. These structure are 
never found together in the same sample. Moreover, the 
formation of one structure rather than the other only 
depends on the nature of the DCg 9 PC tubules. 

The mineralized tubules are discernible by optical 
microscopy: they appear light brown and thicker than 
the uncoated tubules (Fig. 3b). Smooth tubules lead to 
large leaflike microcrystals that covers the entire surface 
of the tubules giving the latter a hairy shape (Fig. 3). The 
inorganic phase was identified by selected-area electron 
diffraction as lepidocrocite y-FeOOH. The thickness of 
the inorganic coating ranged from 0.1 to 0.3 /rm in the 
samples observed. Edged tubules exhibit small rice-bean- 
shaped particles that are very specifically deposited on 
the DCg ^PC ribbon edges (Fig. 4). The iron oxyhydrox- 
ide particles were identified as poorly ordered akaganeite 
/1-FeOOH and were about 70-nm long and 20-nm wide , 
on average. In our case the particles are monodisperse in 
size and their binding to the ribbon edges is obvious on 
the TEM pictures. 



Fig. 3 a TEM picture of a 
mineralised DCg ^PC tubule, 
obtained with a smooth tubule, 
exhibiting leaflike iron oxyhy- 
droxide (y-FeOOH) particles 
covering the entire surface of 
the tubule. The bar represents 
100 nm. b Optical microscopy 
picture of mineralized tubules 
(indicated by arrows). The bar 
represents 10 p.m 
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Fig. 4 TEM picture of a decorated DCg gPC tubule, obtained with an 
edged tubule, exhibiting rice-shaped iron oxyhydroxide (/1-FeOOH) 
particles bound on the DCg.gPC ribbon edges. The bar represents 
500 nm 

Very few particles not bonded to a tubule are observed 
in the samples. As it has been established [12] that metal 
ions bind to phospholipidic bilayers, it is reasonable to 
assume that the reaction of condensation of the ferric 
species is confined on the tubule’s surface. The surface of 
the tubule favors the nucleation of the solid phase. In 
both cases the precipitated inorganic phase is a usual 
product of iron(III) hydrolysis in acidic media [13]. 
"/-FeOOH is the spontaneously occurring phase in the 
same conditions in the absence of tubules. 

We shall point out that the structure of the solid phase 
depends on the binding location on the tubules: their 
surface favors the formation of the spontaneously 
occurring compound, whereas the bilayer edges induce 
the formation of another species (/1-FeOOH). The 
decoration pattern on the edged tubules is comparable 
to the gold particles deposited on tubules by Burkett and 
Mann [14]. It points out the specific structure of the edges 
of tubules that induce specific precipitation of Fe(III): at 



those DCg 9 PC bilayer edges the hydrophobic chains are 
exposed to the solvent. This conformation is not 
favorable but George et al. [4] mention that it can be 
stabilized by the presence of remaining alcohol in the 
sample in the neighborhood of the edges. In the scope of 
this hypothesis, the acetylenic groups of the chains are 
accessible and can form n bonds with ferric ions, 
implying site-specific nucleation and growth of particles 
on the ribbon edges. This selectivity reveals the high 
chemical reactivity of the ribbon edges compared to the 
DCg^gPC bilayer surface. 



Conclusion 

It is possible to coat lipidic tubules with a mineral phase 
composed of iron oxyhydroxide by hydrolysis of ferric 
chloride in the presence of DCg gPC tubules. Owing to 
the binding of the ferric cations to the surface and to the 
edges of the bilayers, the nucleation of the particles takes 
place on the tubules and leads to composite structures 
with high aspect ratio. 

The selective binding of rice-bean-shaped /l-FeOOH 
nanoparticles on the bilayer ribbon edges is interpreted 
as a consequence of the exposure of the tubule’s ribbon 
edges to the solvent. These edges constituted by the 
hydrophobic chain contain acetylenic groups which may 
form 71 bonds with the ferric ions and this explains the 
specific nucleation and growth of particles on the bilayer 
edges of the tubules. A further challenge is to transform 
the /1-FeOOH particles precipitated on the tubules into 
the magnetite Fe 304 in order to confer magnetic 
properties to the coated tubules. 
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Abstract A new anionic surfactant 
lauryl amidomethylsulfate (LAMS”) 
was investigated. The aggregation 
behaviour was determined by small- 
angle neutron scattering (SANS) 
measurements. The Na-salt micelles 
are highly charged, while the Ca- 
salt micelles are almost uncharged. 
Na-LAMS (100 mM) solutions in 
the presence of 100 mM CaCl 2 
undergo several phase transforma- 
tions with increasing n-hexanol 
concentration. We found the ex- 
pected micellar Lj phase and a 
lamellar phase, but also a novel 
phase; a white precipitate is formed 
at the bottom of the sample. With 
increasing «-hexanol concentration, 
the precipitate dissolves into a liq- 
uid-crystalline Lo; phase. Investiga- 
tion by freeze-fracture transmission 
electron microscopy, light micros- 



copy and SANS shows that the 
precipitate consists of agglomerated 
polydisperse multilamellar vesicles.^ 
The bilayer thickness is about 20 A 
and is independent of the composi- 
tion, whereas the interlamellar dis- 
tance is strikingly linked to the 
concentrations of cosurfactant (sur- 
factant/cosurfactant ratio) and 
electrolyte. With increasing cosur- 
factant content, the bilayers become 
less rigid and resulting thermal 
undulations force the membranes 
apart until a common phase is 
formed. This transition is an exam- 
ple of a bonding-nonbonding tran- 
sition of membranes. 



Key words Micelles • Vesicles • 
Membrane flexibility • Undulations • 
Bonding-nonbonding transitions 



Introduction 

Surfactants (amphiphiles) are known to form a wide 
variety of aggregates (e.g. globular or rodlike micelles, 
bilayer membranes, vesicles, etc.) in aqueous solutions 
[1]. Their shape and size depend on the surfactant 
concentration and can also be heavily influenced by 
cosurfactants (mostly medium-chain-length alcohols) 
that join these aggregates [2, 3]. Ionic amphiphiles are 
additionally affected by electrolytes (new counterions, 
Coulombic shielding). 

We report here a new anionic surfactant, lauryl 
amidomethylsulfate (LAMS), with Na and Ca 
counterions. 



We investigated binary, ternary and quaternary 
systems consisting of aqueous solutions of the Na and 
Ca salts, Na-LAMS and Ca-LAMS, solutions of 
Ca-LAMS with hexanol and solutions of Na-LAMS, 
CaCl 2 and hexanol. 



Materials and methods 

Substances 

The surfactants Na-LAMS and Ca-LAMS were synthesized and 
purified according to the method described in Ref. [4], CaCb was 
from Merck, purchased as CaCl2'6H20 and dried at about 120 °C 
until no further decrease in weight was observed. «-Hexanol was 
from Fluka, purum quality. 
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Experimental techniques 

Small-angle neutron scattering measurements 

The small-angle neutron scattering (SANS) experiments on the 
micellar solutions of Na-LAMS and Ca-LAMS were performed in 
Risoe, Denmark. The SANS experiments on the vesicular systems 
(ternary and quaternary) were performed at the Hahn-Meitner 
Institute in Berlin [5], The raw data were corrected for background 
and cuvette scattering; normalization was done in the conventional 
manner. 



Experimental results 

The concentrations of surfactant salt with bivalent 
cations always refer to the surfactant; thus, 100 mM 
Ca-LAMS means 100 mM LAMS” and 50 mM Ca^+. 



Binary systems; M-LAMS in aqueous solution 

SANS shows that the aggregation behaviours of 
Na-LAMS and Ca-LAMS as a function of concentration 
are totally different, owing to the considerably higher 
degree of counterion dissociation of Na^ compared 
to Ca^^. Whereas Na-LAMS yields increasingly sharp 
peaks with increasing concentration, the spectra of Ca- 
LAMS do not even show a maximum. This means that 
Na-LAMS micelles are increasingly ordered with rising 
concentration as a result of strong electrostatic repulsion, 
indicating that the micelles are highly charged. 
Ca-LAMS spectra show the opposite behaviour; there 
are no peaks, not even maxima in the spectra; the micelles 
are practically uncharged. 



The Ca-LAMS/hexanol/water ternary system 

Phase diagram and freeze-fracture transmission 
electron microscopy investigation 

Anionic surfactants in aqueous solutions tend to from 
micellar Li phases only; in the presence of cosurfactants 
such as n-alcohols they also form lamellar Lq, phases at 
high concentrations where bilayer distances are small [6]. 
Diluting these phases does not lead to a swelling of the 
lamellar phase, but causes a phase transition from 
lamellar to micellar (Li). 

Obviously, this is connected to the surface charge 
density of the bilayers, as mixing charged anionic and 
uncharged surfactant decreases the total surfactant 
concentration needed to obtain a lamellar phase [6] and 
adding charged surfactant ends the swelling of a lamellar 
phase formed by uncharged surfactant [7]. 

On the other hand, combinations of uncharged 
surfactants and cosurfactants often form lamellar phases 
at very low total concentrations, i.e. they form highly 



swollen systems. Dodecyldimethylaminoxide and n-hex- 
anol in water, for examle, form lamellar phases at 1 wt% 
total concentration [8]. With tetradecyldimethylaminox- 
ide, similar phases were found [9, 10]. 

This phenomenon of increasing tendency towards 
swelling of lamellar phases with decreasing charge 
density is counterintuitive. One would expect the con- 
trary, i.e. increasing swelling with increasing charge 
density, because the strong electrostatic repulsion of like- 
charged membranes should help keep the membranes at 
a distance. 

This is not the case; there seems to be an attractive 
force that stops swelling and increases with increasing 
charge density. Such attractive forces have been postu- 
lated [11]; Poisson-Boltzmann theory does not predict 
this force [12], whereas Monte Carlo simulations [13] 
predict reduced repulsion in the presence of high-valency 
counterions and in some cases the interaction even 
becomes attractive. 

More recent theoretical attempts to explain the 
attractive forces between like-charged particles [14] were 
claimed to be false by others [15]. As far as we know, this 
problem has no solution so far. 

Replacing monovalent by divalent counterions reduc- 
es the surface charge density because of the higher degree 
of counterion condensation and, therefore, according to 
the previously mentioned experimental findings, should 
yield swollen lamellar phases. Maciejewska et al. [16] and 
Khan and coworkers [17-19] searched for swollen 
lamellar phases in the Ca(DS )2 [and Mg(DS) 2 ], decanol 
and water system, but found none. Similarly, Sein et al. 
[20] investigated sulfonate-based surfactants with biva- 
lent counterions and also found no swollen lamellar 
phases. 

More recently, however, extended swollen lamellar 
phases in Ca(DS) 2 /n-alcohol/water systems were found 
with n-alcohols from pentanol to octanol [21]. Here, we 
present results on a surfactant that forms lamellar phases 
with a broad variety of bilayer distances from collapsed 
to strongly swollen upon addition of n-hexanol. 

The phase diagram (25 °C) of this system is simple 
(Fig. 1). The increase in the hexanol concentration 
transforms the single-phase Lj into a two-phase Li/Lj, 
system and further into a single L^ phase, which occurs 
at a total concentration (surfactant plus cosurfactant) 
as low as 3.5 wt%. A freeze-fracture transmission 
electron microscopy (FF-TEM) image (Fig. 2) that was 
taken of the L^ phase of the two-phase 100 mM Ca- 
LAMS/1.2 vol% (96 mM) hexanol (in a mixture of 
80% water and 20% glycerol to avoid formation of ice 
crystals during preparation) Li/Lj, system shows the 
microstructure of this L^j phase (glycerol did not 
change the appearance of the sample). Polydisperse 
multilamellar vesicles with a broad distribution of sizes, 
shapes (see the peanut-shaped vesicle in Fig. 2, top 
middle) and number of layers can be seen. The well- 
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Fig. 1 Phase diagram of calcium lauryl amidomethylsulfate (Ca- 
LAMS) with «-hexanol at 25 °C. The squares mark the composition 
of samples that were investigated by small-angle neutron scattering 
(SANS) 




Fig. 2 Freeze-fracture transmission electron microscopy image (FF- 
TEM) of the L^, phase of 100 mM Ca-LAMS/1.2 vol% «-hexanol. 
Note that this sample is in the two-phase region (L 1 /L 5 ,); the FF-TEM 
image was taken of the phase only 

defined intervesicular spacing of the membranes as can 
best be seen in the broken-up vesicle (Fig. 2 right) is 
about 240 A. 

SANS experiments 

SANS experiments were done on 100 mM Ca-LAMS 
(Fig. 3) with 1.1 (88 mM), 1.2 (96 mM) and 1.3 vol% 
(0.10 M) hexanol. All these samples are biphasic Li/L^,, 
(see phase diagram, Fig. 1, where the overall compo- 
sitions of the samples investigated are marked by hlled- 
squares). Only the phase was used for the SANS 
experiment. 




0,01 0,1 



q/ A"' 

Fig. 3 SANS spectra of 100 mM Ca-LAMS with different amounts 
of «-hexanol at 25 °C; for each increase in cosurfactant concentration, 
the intensities were doubled to render the spectra clear and 
nonoverlapping. Note that here all three samples were in the two- 
phase region (Lj/Ld; only the L„ phase was looked at 



Three peaks were found, indicating repeat distances of 
210 A (very broad and weak), 220 A (compared to 240 A 
from the FF-TEM investigation) and 260 A for 1.1, 1.2 
and 1.3 vol%, respectively. 

In the high-^ region, the intensity is dominated by the 
form factor of a planar lamella, which has an {lq)~^ 
dependence, where 1 is the lamellar thickness; we htted 
that part of the spectrum to get the value for / from the ht 
function. We found the lamellar thickness to be surpris- 
ingly independent of the system. Both in the ternary and 
in the quaternary system, D was 20-25 A, independent of 
surfactant, cosurfactant and (in the quaternary system) 
CaCl 2 concentration. 



The Ca-LAMS/CaCl 2 /hexanol quaternary system 
Phase diagram 

This phase diagram (Fig. 4) was established at 30 °C 
with the Na-LAMS concentration kept constant at 
100 mM. The Lo, phase in the Li/Lj, two-phase region 
again has a cottonlike appearance and looks very much 
like a solid precipitate, which is denoted p. 

Similar precipitates have been found in catanionic 
systems with [22] and without [23] additional electrolyte 
where the cationic and anionic components mix to form a 
bilayer with low surface charge density which swell upon 
a change in the ionic strength or increasing surface 
charge density. 

At 50 mM CaCl 2 , a precipitate is found between 1.3 
(0.10 M) and 1.7 vol% (0.14 M) cosurfactant; at 
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Fig. 4 Phase diagram of 100 mM Na-LAMS/CaCl 2 /«-hexanol at 
30 °C The filled circles mark the composition of samples that were 
investigated by SANS 

100 mM CaCl 2 , it is found between 1.0 (80 mM) and 
about 3.0 vol% (0.24 M) hexanol. Along path 1 
(100 mM CaCl 2 , varying cosurfactant concentration), 
at about 1.1 vol% (88 mM) hexanol, a precipitate is 
found. The volume fraction of the precipitate increases 
only moderately from 0 to about 25% upon an increase 
in cosurfactant from 1.1 to about 2.9 vol% (0.23 M). 
Upon a slight further increase, the precipitate swells into 
a common Lq, phase. 

At 160 mM CaCl 2 , no common phase could be 
observed upon increasing the hexanol concentration. 
Obviously, very high CaCl 2 concentrations keep the 
membranes stiff enough to prevent thermal undulations. 

SANS experiments 

The spectra dealt with in this section were mostly taken 
from the collapsed vesicle state (the precipitate), coexis- 
ting with an Li phase; some are from samples that are 
single-phase Lj,; this information is included in the figure 
captions. The overall compositions of the samples of 
which the SANS spectra are shown are marked in the 
phase diagram (Fig. 4) by circles. 

At 100 mM Na-LAMS/100 mM CaCl 2 , the SANS 
spectra (Figs. 5) show peaks until 2.9 vol% (0.23 M) and 
flattening shoulders at 3.0 (0.24 M) and 3.1 vol% 
(0.25 M). At 3.2 vol% (0.26 M), only a continuous 
decline is observed. The repeat distances first stay nearly 
constant upon cosurfactant increase [45 A at 1.5 vol% 
(0.12 M), 46 A at 2.0 vol% (0.16 M)]. At 2.9 vol%, it 
reaches 66 A and at 3.0 and 3.1 vol%, 75 A is observed. 
Smaller repeat distances with bivalent ions than with 
monovalent ions have been found in other binary and 
ternary systems [24, 25] and explained by smaller 




Fig. 5 a SANS spectra of the precipitate from samples withlOO mM 
Na-LAMS/100 mM CaCb with different amounts of «-hexanol at 
30 °C; for each increase in cosurfactant concentration, the intensities 
were multiplied by 5 to render the spectra clear and nonoverlapping. 
These samples are in the two-phase region (Li/precipitate). b SANS 
spectra of 100 mM Na-LAMS/100 mM CaCb with different amounts 
of w-hexanol at 30 °C; for each increase in the cosurfactant 
concentration, the intensities were multiplied by 5 to render the 
spectra clear and nonoverlapping. These samples are single-phase L„ 



electrostatic repulsion between lamella with smaller 
charge density. 



Conclusions 

Together with cosurfactant «-hexanol, Ca-LAMS forms 
an Lj( phase. FF-TEM shows that this phase consists 
of multilamellar vesicles of broad distribution of size, 
shape and number of lamellae per vesicle. SANS spectra 
show that the repeat distance in the two-phase region 
increases upon an increase in the cosurfactant concen- 
tration and the cosurfactant/surfactant ratio; also, the 
distribution of the repeat distance becomes broader. 
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Table 1 Repeat distances 
(interlamellar spacing plus 
membrane thickness) in 
angstroms in the calcium lauryl 
amidomethylsulfate (Ca- 
LAMS)/n-hexano\ and the Ca- 
LAMS/CaCb/n-hexanol system 
from small angle neutron 
scattering spectra 



«-Hexanol 

(vol%) 


70 mM 
Ca-LAMS 


100 mM 
Ca-LAMS 


100 mM 

Na-LAMS -H 50 mM 
CaCb 


100 mM 

Na-LAMS + 100 mM 
CaCb 


1.1 


570 


210 






1.2 


780 (shoulder) 


220 






1.3 


780 (shoulder) 


260 






1.4 






290 




1.5 








45 


1.6 






No peak 




1.7 






No peak 




2.0 








46 


2.9 








66 


3.0 








75 (shoulder) 


3.1 








75 (shoulder) 


3.2 








No peak 



Na-LAMS together with CaCl 2 forms a precipitate of 
vesicles upon addition of hexanol. This precipitate is 
found in a wide range of cosurfactant concentrations 
when the CaCl 2 concentration is high. Whereas the 
phase from Ca-LAMS/hexanol has repeat distances 
varying about linearly with cosurfactant concentration 
in the Li/Lj, two-phase region, the precipitate in the 
quaternary system shows distances almost independent 
of hexanol concentration as long as the latter is below 
about 2.9 vol% (at 100 mM CaCy; above this value, a 
sudden swelling of the precipitate into an phase 
occurs. Softening of the membrane by rising cosurfactant 
content allows thermal undulations to force the mem- 



branes apart. This is an example of a bonding-nonb- 
onding transition of membranes. 

As 100 mM Ca-LAMS/1.3 vol% hexanol has a repeat 
distance of 260 A, while 100 mM Na-LAMS/50 mM 
CaCl 2 (which is the same as 100 mM Ca-LAMS/100 mM 
NaCl)/1.4 vol% has a repeat distance of 290 A, the effect 
of NaCl as an electrolyte is negligible. In contrast, 
increasing the CaCl 2 concentration by 50 mM in order to 
obtain 100 mM Na-LAMS/100 mM CaCl 2 (including a 
small rise in hexanol from 1.4 to 1.5 vol%) causes the 
repeat distance to shrink to 45 A, 20% of its former 
value. This indicates that the effect of Ca^^ is not only 
Coulombic. 
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Abstract The existence of two lyo- 
tropic liquid-crystal phases (micelles 
and lamellar) of the Triton X- 114- 
water binary system has already 
been determined by several different 
methods [Walsh ME (1980) PhD 
thesis. Salford University; Heusch R 
(1984) Ber Bunsenges Phys Chem 
88:1094], We observed changes in 
the phase transitions of the system 
studied upon addition of octanol, 
butanol, glucose or fructose. A 



semiquantitative explanation of the 
experimental results is given based 
on the hydrophile-lipophile balance 
theory. 

Key words Triton X- 114-water 
system • Micellar and lamellar 
liquid-crystal phases 
Hydrophile-lipophile balance • 
Phase transition changes 
in the presence of an alcohol 
or a sugar 



Introduction 

The aggregation of amphiphilic molecules in a solvent is 
governed by the balance between the interactions with 
the solvent molecules and between the amphiphilic 
molecules themselves. Several types of models have been 
developed to describe the self-assembly: some authors 
use simple geometrical considerations [1-3], while others 
use thermodynamic descriptions or numerical calcula- 
tions based on mean-field approximations. 

The hydrophile-lipophile balance (HLB) theory was 
originally developed for classification of the surfactants 
used to stabilize different emulsions [6]. Davies and 
Rideal [4] related the HLB number of a surfactant to the 
relative coalescence rate of oil-in-water and water-in-oil 
emulsions. Thus, they succeeded in giving the empirical 
HLB values a fundamental significance in terms of free 
energies, and a relation was obtained between the HLB 
number and the distribution of a substance between oil 
and water phases under certain conditions. 

We have adopted the approximation of Davies and 
Rideal in order to characterize semiquantitatively the 
influence of different additives on the phase transition of 
a surfactant-water system. The surfactant-water system 



is considered to consist of two phases - a hydrophilic and 
a hydrophobic one. The hydrophobic phase is in fact the 
hydrocarbon interior of the surfactant (Triton in our 
case) micelles. The hydrophilic surfactant heads together 
with the water are regarded as the hydrophilic phase. The 
influence of the additives is analysed in terms of the 
redistribution between the hydrophobic and hydrophilic 
phases calculated from the respective HLB numbers. 
There is good agreement between the theoretical predic- 
tions based on the HLB theory and the experimentally 
observed trends. The same approach can be applied to 
predict the changes in the phase transitions in the 
presence of additives in many other binary systems as 
well. 



Experimental 

The Triton X-1 14-water system was studied in the temperature 
region 290-313 K; the concentrations of Triton were 51-54 wt% 
and concentrations of the additives were 1 and 2 wt%. Samples 
with glucose and fructose were prepared by dissolving the sugar in 
water and subsequently adding Triton X-1 14. The alcohols were 
initially dissolved in the surfactant (Triton X-1 14) and after that 
the necessary quantity of water was added. The phase transitions 
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Fig. la, b Changes in the phase 
diagram of the Triton X-1 14- 
water system in the presence 
of 1% octanol or butanol. 
(M-micellar phase, L-lamellar 
phase) 




TRITON / WATER { wt x) 




TRITON / WATER ( wt 



were determined by optical observations of the samples between 
crossed polarizers. 



Results and discussion 

The experimentally observed changes in the micellar-to- 
lamellar liquid crystal phase transition of the Triton X- 
1 14-water system in the presence of several additives are 
presented in Figs. 1 and 2. 

At the same temperature the addition of octanol to the 
system leads to decrease in the surfactant concentration 
at which the transition occurs (Fig. 1), while the addition 
of the much shorter butanol leads to an increase in the 
concentration at which the transition occurs (Fig. 1). At 



the same temperatures, the addition of sugars, either 
fructose (Fig. 2) or glucose (Fig. 2) shifts the transition 
toward higher concentration of Triton. 

All the additives used changed the phase behavior of 
the Triton X-1 14-water system. This change is most 
probably due to incorporation of the additives in the 
surfactant layers and changing of the spontaneous 
curvature. 

To quantify the influence of the additives used we 
applied HLB theory in order to calculate the redistribu- 
tion of the additives between the hydrophilic and 
hydrophobic phases of the system. 

We calculated the corresponding HLB values of the 
constituents (Table 1). As shown in Ref. [4] for a 
component with a given HLB value the relation of the 
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Fig. 2a, b Changes in the phase 
diagram of the Triton X-1 14- 
water system in the presence of 
1 % fructose or glucose 




TRITON / WATER ( wt %) 




TRITON / WATER ( wt %) 



concentrations c„ and Cq in water (the hydrophilic phase 
in our consideration) and oil (the hydrophilic phase) 
solutions in equilibrium is 

HLB - 7 = 0.361n(cw/co) (1) 

Using the HLB values form Table 1 and Eq. (1) we 
calculated the redistribution of the additives between the 
hydrophillic and hydrophobic phases of the system. The 
relations obtained are shown in Table 2. They show that 
fructose and glucose are entirely in the water phase, 
which is as expected. The octanol concentration in the oil 
phase (in the interior of the micelles) is about 200 times 
greater in comparison with its concentration in the water 
phase, which is also not surprising. However, the butanol 
molecules redistribute equally between the hydrocarbon 
and polar surfactant parts. 



Table 1 Hydrophile-lipophile balance number of the substances 
used 



Octanol 


5.1 


Butanol 


7.0 


Fructose 


16.5 


Glucose 


16.5 



Table 2 Calculated relations between the equilibrium concentra- 
tions of the additives used in the so-called water, c„, and the oil, Co, 
phases 


Octanol 


= 0.0051 


Butanol 


^but _ „but 

‘'W 


Fructose 


cS; « 3 X 10" cK 


Glucose 


c|! « 3 X 10"c|> 
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The presence of sugars (fructose and glucose) shifts 
the micellar-to-lamellar phase transition toward higher 
concentrations of Triton. This shift signifies an effective 
increase in the hydrophile part of the Triton micelles by 
the presence of fructose and glucose. The theoretical 
considerations, using the HLB theory, also predict sugars 
to be entirely in the water phase (oxyethylene layer). 

Addition of octanol shifts the micellar-to-lamellar 
phase transition toward lower concentrations of Triton. 
Octanol molecules should incorporate mostly between 
the hydrocarbon surfactant chains to realize such a 
change. The HLB considerations also predict that 
octanol is mostly distributed in the oil phase (hydrocar- 
bon chain layer). 

In contrast to octanol, the presence of butanol is 
observed to shift the micellar-to-lamellar phase transi- 
tion toward higher concentrations of Triton. The butanol 



effect is even greater than that of the very hydrophilic 
glucose and fructose. Estrada-Alexanders et al. [5] have 
proposed that the oxyethylene chains screen the hydro- 
phobic interactions between butanol and water mole- 
cules. The HLB theory predicts equal concentrations of 
the butanol molecules between the water and oil phases; 
however, because of the screening effect it is possible that 
the butanol molecules are preferably in the oxyethylene 
layer. This hypothesis has been confirmed recently by 
small-angle neutron scattering experiments [6]. Thus, 
butanol effectively expands the hydrophilic surfactant 
parts and shifts the phase transition to higher concen- 
trations of Triton (which is observed experimentally). 
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Abstract We prepared colloidal 
crystals from aqueous suspensions 
of spherical, charged polystyrene 
spheres under deionised conditions. 
Using a home-built multipurpose 
light scattering apparatus we mea- 
sured the static structure factor, the 
static shear modulus and the inter- 
mediate scattering function. In ad- 
dition we also monitored also the 



conductivity as a function of the 
composition and the particle number 
density. For the mixture investigated 
the data are well described assuming 
the formation of randomly substi- 
tuted body-centered-cubic crystals. 



Key words Colloids • Charged 
spheres • Mixtures • Light scattering 



Introduction 

Colloidal crystals are the subject of intense research 
for several reasons. First, owing to their specific length 
and time scales their properties are readily accessible 
by various forms of light scattering and microscopy. 
Second, a number of interesting questions of funda- 
mental interest in condensed matter physics can be 
addressed in a well-defined model sysfems. This 
concerns bofh equilibrium properties (like diffusive 
dynamics, structure or phase behaviour), response to 
external fields (like electrokinefic properties or sedi- 
mentation) and situations far from equilibrium (like 
the glass transition, shear-melting or crystallisation 
kinetics). Third, however, important applications may 
also result from a better understanding of the generic 
properties. Optical-band-gap materials are one of 
these. 

Recently focus has shifted from single-component 
suspensions to mixtures. The most prominent examples 
deal with hard-sphere or hard-sphere-polymer mixtures 
of large size difference, where phase separation is 
observed owing to attractive terms in the potential of 
the mean force [1,2]. Much less is known about charged 
mixtures. Only a few reports exist on the phase behaviour 



[3, 4, 5], and fewer on even other properties, like shear 
rigidity [6], diffusion [7, 8] or crystallisation kinetics. 

We report on a mixture of two species of polystyrene 
latex spheres in deionised aqueous suspension. Their size 
ratio is r = 0.85. Such a small value should not induce an 
entropically driven instability. Nevertheless, the phase 
behaviour is not immediately obvious. The formation of 
alloy structures of glasses or of precipitats can be 
expected. Alloys may either be compost tionally ordered 
(e.g. of NaCl structure) or disordered (e.g. Cu/Au). We 
conducted a number of different experiments to compre- 
hensively characterise the resulting solids. Besides the 
static structure factor, S(q), we also measured the 
conductivity, a, and the static shear modulus, G. The 
former is very sensitive to the formation of precipitates; 
the latter has been shown to yield valuable information 
about the local crystal structure [9]. Finally, we also 
report some of the first dynamic light scattering mea- 
surements on polycrystalline samples. Their interpreta- 
tion can be qualitative only, since a rigorous scattering 
theory of such nonergodic and inhomogeneous materials 
is still demanded. The combination of our results shows 
that at low-to-intermediate particle concentrations ran- 
domly substituted alloys of body-centered-cubic (bcc) 
structure are formed. 
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Table 1 Properties of the pure components. Sample name, source, nominal diameter, 2a„„^, effective charges, Z% and Zf}, from con- 
ductivity and shear modulus measurements, shear modulus, G, at the particle number density used for the mixture as well as the number 
densities at freezing and melting are given 



Sample 


Source 


^^nom 


ZN 


Z*G 


G at 
n = 1 


«F 

[m ] 


«M 

[^lm ] 




PS85 


IDC Batch No 767.1 


85 nm 


530 ± 32 


350 ± 20 


0.786 Pa 


3.8 ± 0.5 


4.4 ± 


0.5 


PS 100 


Banys Lab. Batch No. 3512 


100 nm 


530 ± 38 


327 ± 10 


0.8 Pa 


4.0 ± 0.5 


7.0 ± 


0.5 



Experimental 

Two species of commercially available polystyrene latex spheres 
were investigated. The particle parameters are compiled in Table 1. 
All the suspensions were prepared from diluted and precleaned 
stock suspensions of approximately 1% packing fraction. The 
suspensions were thoroughly deionised using advanced continuous 
conditioning methods. Details of this have recently been given 
elsewhere [10]. Both individual species were comprehensively 
characterised before conducting experiments on the mixtures. 

Both pure samples crystalline at low particle number densities in 
a bcc structure. Measurements of S(q) were further used to 
calibrate measurements of the conductivity, a. The particle number 
density dependence of a was observed to be strictly linear and 
independent of the phase state of the suspension. The data for 
thoroughly deionised suspensions are well described by 
(7 = neZ*{fi^ + + itb, with the elementary charge e, the particle 

and proton mobilities /ip and fi+ and the background conductivity 
(7 b (mainly stemming from dissociated water and ionic impurities^ 
The effectively transported charge, Z*, was determined as a fit 
parameter. It is tabulated in Table 1. The shear modulus, G, is in 
good agreement with theoretical fits yielding an effective shear 
modulus charge of Zq as the only free parameter. We note that Zq 
is observed to be somewhat smaller than the effectively transported 
charge. 

Mixtures were prepared at fixed particle number density under 
thoroughly deionised conditions. The background concentration of 
ionic impurities was below 5 x 10^’ M. Under these conditions the 
samples were completely solidified. Colloidal solids, however, show 
very low yield moduli and may easily be shear-molten by 
mechanical treatment. Since for some properties the sample 
morphology may have a severe influence on the results, it was of 
great importance to leave the samples undisturbed once crystal- 
lised. To this end all measurements were performed using a recently 
reported multipurpose light scattering apparatus. In this static 
structure, the shear modulus and the dynamic structure factors may 
be measured quasi simultaneously on the same crystalline sample. 
The apparatus is equipped with a double-arm goniometer. It uses 
two counterpropagating illumination/detection schemes for static 
and dynamic light scattering and a third independently adjustable 
scheme for the torsional resonance detection. Details have recently 
been given elsewhere [11]. 



Properties of mixed colloidal crystals 

Our results are given in Figs. 1, 2, 3 and 4. 

The conductivity varies linearly with the composition. 
It is well described (solid line) using an extension of 
Hessinger’s conductivity model of independent ion 
migration with exchange of icons across the plane of 
shear [12] 



ff — [(/ii -f fi^) + (1 — X)Z*2(/t2 + Mh)) + °'B ) 

where X is the fraction of component 1, e is the 
elementary charge and /i, is the independently measur- 
able electrophoretic mobility of particle species i. The 
effective charges, Z*,, used in the fit were taken from the 
single-component measurements and the background 
conductivity indicates a background concentration of 
impurities of some 0.5 ^M. 

The structure of the mixtures stays bcc independent of 
composition. Note the constancy of the position of the 
(110) Bragg reflection, indicating constant particle 
density. 

Together with the conductivity data this rules out any 
phase separation or correlation between particle posi- 
tions. In the first case the conductivity should show 
deviations from the theoretical expectations; in the latter 
case the appearance of superstructure peaks is expected. 
This demonstrates the formation of an alloy with a 
random distribution of particles on the bcc lattice sites. 

This can be checked via G. Here a prediction of 
Lindsay and Chaikin [13] exists for the shear modulus of 
a randomly substituted alloy: 



Fraction PS100/% 

100 80 60 40 20 0 




Fig. 1 Background-corrected conductivity, ct-CTb, of the PS85/PS100 
mixture as a function of composition 
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^bcc — f \ Q ^ 



4 X^Zx^ + lX{\-X)ZiZ2 + {\-XYZ2 



2^2 



AmEn 






where /a is a known factor for orientational averaging in 
polycrystalline materials and ssq is the dielectric permit- 
tivity of the suspension. 



Z, = Z*G, 



exp(Ka,) 

1 + KOi 



— [2A^a1000c + «(XZ*G.i + (1 -X)Z*g,2)] , 

EEq 



where a, and Z*g,, are the radius and shear modulus 
effective charge of the /th component, respectively. In 
Fig. 2 the upper line gives the prediction as calculated 
using the single-component shear modulus charges and 
the lower line is a prediction based on the single- 
component measurements in this run. The discrepancy 
is attributed to the small background concentration of 
impurities present. More important, however, the com- 
position dependence is correctly described. 



514.5 nm 




q / 



Finally, we report the dynamics in our polycrystalline 
alloys. The samples are nonergodic as the whole phase 
space is not explored during the time of a measurement. 
In this case the Siegert relation may not be employed to 
calculate the desired field autocorrelation functions, 

(q, t), or intermediate scattering functions, f{q, x), from 
the measured intensity autocorrelation functions, Y~^\q, 
t). Instead the method of Pusey and van Megan [14] was 
employed using the relation 

= 1 + ^ (\/ 0 ) - 1 + 1 ^ , 

where / is the average scattered intensity and the indices t 
and E refer to time and ensemble averages, respectively. 
All the measurements reported in Fig. 4 were taken at the 



Fraction PS100 / % 

100 80 60 40 20 0 




Fig. 3 Shear moduli of the PS85/PS100 mixture as a function of 
composition 




Fig. 2 Angle-corrected scattered intensity of the PS85/PS100 mixture Fig. 4 Intermediate scattering functions of the PS85/PS100 mixture as 
as a function of composition a function of composition 
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maximum of the (1 1 0) Bragg reflection. They thus 
correspond to the dynamics on the scale of the nearest- 
neighbour distance. Two relaxation time scales can be 
discriminated. The first is located at about 
T = (10~"^ - 10”^) s. /(^, t) drops from its initial value to 
plateau values between 0.83 and 0.93. The second decay 
is best visible for the 50:50 mixture and is located at times 
longer than 10^ s. In the present case the time window 
was restricted by sample times of 1 h (the thermal 
stability of the setup was 5 x 10"^ s or less as tested using 
a ground quartz glass sample). 

The interpretation of these data faces some difficulties. 
First, in addition to being nonergodic the samples are 
inhomogeneous as well. Not much is known about the 
structure of the grain boundaries. One may, however 
envisage there being two short time processes present. 
According to the cage model, the first corresponds to 
short time excursions of particles about their places on 
lattice sites or in grain boundaries. In addition, the grain 
boundaries may be disordered and possibly less dense 
and thus allow grain boundary diffusion. Assuming the 
boundaries posses fluids order one would expect the time 
scale of this process to be close to the structural 
relaxation observed in the melt. A comparison of three 
f{q, t) as measured in poly(tetrafluoroethylene) particles 




Fig. 5 Comparison of representative intermediate scattering func- 
tions, /(g, t), taken on deionised samples of poly (tetrafluoroethylene) 
particles in a water/glycerol mixed solvent. From bottom to top the 
curves correspond to a sample at fluid/crystal coexistence, a 
polycrystalline sample and a glassy sample aged for about 1 year 



in a water glycerol mixed solvent sample is given in 
Fig. 5. This was prepared at coexistence, in the poly- 
crystalline state and in an aged glassy state. The figure 
illustrates that at coexistence, diffusion within the 
crystalline cage and the spatially distinct diffusion in 
the fluid occupy the same time window. Clearly, without 
more detailed information about the sample morpho- 
logies the origin of the first decay in Fig. 4 cannot be 
assigned unequivocally. Further the height of the plateau 
plus the amplitude of the first decay in the crystal should 
be connected to the amount of crystalline material 
present. A rigorous theoretical treatment of this situation 
is still missing. Nevertheless we checked for systematic 
trends in the plateau heights of the mixed samples. 
Figure 6 shows that no definite dependence of this 
plateau value on composition is observed. 

Two further pieces of morphological information may 
be extracted from the static structure factors. First, the 
width of the principal maximum, A^, is correlated with 
the crystallite size; 

^ _ InKhki 
Aq ’ 

where K^ki is the Scherrer constant, which is of the order 
of 1 [15] and L is the edge length of the crystals, which are 
assumed to be cubes. The result of this evaluation is 
shown in Fig. 7. The crystallite sizes are of the order of 
some 15 pm. There is some scatter but no definite 
dependence on sample composition. In general the 
crystallite size is determined by the nucleation rate 
density, J, and the crystal growth velocity, v. The crystals 
stop growing once they intersect. In our case the 
nucleation rate densities are of the order of some 
(10^"^ - lO'^) m“^ s“'. Solidification is thus nucleation 
dominated and rather small crystals result. J, however is 



Fraction PS100 / % 

100 80 60 40 20 0 




Fig. 6 Plateau heights oi f{q, t) for the PS85/PS100 mixture as a 
function of composition 
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Fraction PS100 / % 
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8 

Fig. 7 Crystallite sizes, L, for the PS85/PS100 mixture as a function of 
composition 
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Fig. 8 Inverse integrated intensity of the background corrected (110) 
Bragg reflection for the PS85/PS100 mixture as a function of 
composition 



very sensitive to minor changes in the chemical potential 
difference between the melt and the solid. The scatter of 
the data is therefore attributed to minor changes in the 
deionisation state. 

The second piece of information can be gained via the 
integrated intensity of the first peak. This is a measure of 
the square of the number of lattice planes scattering in a 
given direction and thus of the amount of crystalline 
material. Further the fraction of the grain boundary 
material can be estimated. It is given as (/sc~fpc)/fpc- 
Here, the indices PC and SC refer to the measurements 
on polycrystalline material and a reference measurement 
on a defect-free single crystal. The latter is not yet 
available for the present case. 

Alternatively we use the inverse of the integrated 
intensity as a qualitative and relative estimate. This is 
shown in Fig. 8. Again no definite dependence on 
composition is observed. 



Conclusions 

We performed a comprehensive characterisation of a 
mixture of charged spherical colloids of size ratio 
r = 0.85 in deionised aqueous suspensions. At constant 
particle number density all the samples were observed to 
crystallise completely. For polycrystalline solids, the 
static structure and the variation of shear modulus and 
conductivity with composition were found to be com- 
patible with predictions for bcc alloys with randomly 
distributed composition. By comparing Figs. 6, 7 and 8 
we can further state that the plateau heights, the crystal 
sizes and the amount of grain boundary material are 
independent of composition. 



Two comments are appropriate. First, our data 
confirm our expectations. In other words, we were 
lucky to investigate an uncomplicated textbook case. 
On the other hand, it was exactly this that allowed the 
test and demonstration of the versatility and accuracy 
of the methods employed. It also allowed a discussion 
of the urgently needed extensions of dynamic scattering 
theory. Second, not all samples behave in such an 
uncomplicated way. For example, recent measurements 
of Hunt and Zukoski [6] indicated the formation of 
A/B phase-separated crystals with significant conse- 
quences for the elastic properties. Okubo and Fujita [5] 
reported the formation of compositionally ordered 
alloys. The multipurpose apparatus is well suited to 
precisely measure several intricately connected proper- 
ties of colloidal solids quasisimultaneously and without 
the need of mechanically disturbing the sample. We 
therefore started systematic investigations on further 
mixed colloidal solids. Preliminary data on systems of 
larger size and charge ratio indicate that this compo- 
sitional ordering may be a continuous process as the 
particle number density is increased. Further, in 
mixtures of a crystallite-forming and a glass-forming 
sample definite composition dependencies were also 
observed for plateau heights and morphological pa- 
rameters. This raises the interesting question of how 
the different properties relate to each other and to the 
morphological details of the samples. 
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Abstract We investigate the solidifi- 
cation dynamics of hard-sphere col- 
loidal suspensions applying 
simultaneously small-angle and 
Bragg light scattering. These experi- 
ments allow a consistent picture of 
nucleation and crystal growth on the 
level of large-scale density fluctua- 
tions and of density fluctuations on 
the level of individual crystallites. We 
observe a temporally almost con- 
stant nucleation rate after an induc- 
tion time that decreases with 
supersaturation. The classical expec- 
tation for the nucleation rate density 
as a function of supersaturation is in 



accordance with our data. We in- 
vestigate the validity of the Wilson- 
Frenkel growth law for hard-sphere 
systems, which also fits our data 
satisfactorily. The kinetic prefactors 
are found to be only 2 orders of 
magnitude smaller (for nucleation) 
and 1 order of magnitude larger (for 
crystal growth) than expected from 
classical considerations. We discuss 
the influences of particle size poly- 
dispersity on our data. 

Key words Colloidal suspensions • 
Hard spheres • Nucleation and 
growth • Crystallization kinetics 



Introduction 

Colloidal suspensions of particles with different pair- 
interaction potentials have attracted considerable atten- 
tion because of their possibly generic value. As the 
particle interaction potential can be tuned experimental- 
ly, very different aspects of condensed matter behaviour 
may be studied on convenient spatial and temporal scales 
[1]. From a theoretical point of view, a hard-sphere 
system [2] is beneficial as temperature is not a relevant 
parameter. The particle concentration (the volume 
fraction, 0) fully determines the equation of state, 
02(0) oc where H is the (osmotic) pressure 

of the system. The equation of state is known in detail 
over the whole concentration range [3-8]. Experimental- 
ly, a hard-sphere suspension has been realized by grafting 
short polymer hairs on a polymer [9] or silica [10] core 
and suspending the colloidal particles in a good solvent 
for the polymer hairs. The van der Waals attraction is 
reduced by optically matching particles and solvent. 



Above the freezing volume fraction (j)p = 0.494, a 
hard-sphere suspension exhibits coexistence between a 
fluid and a crystalline phase. Upon increasing the 
particle volume fraction of the shear-molten fluid, 
0fi, the crystalline fraction of the sample, X, 
increase linearly up to the melting point, = 0.545; 
(0fi - (/)p)/((/)|y[ - 0p) is the supersaturation of the 
system. With higher particle content, the crystalline 
phase is compressed beyond The crystalline struc- 
ture is observed to be face-centred cubic with a 
considerable amount of stacking faults present. The 
degree of randomness, however, is not consistent up to 
now [11, 12], 

Whereas the (osmotic) pressure in the coexisting 
phases can be assumed to be equal at every instant of 
time [(/)„Z((/)ct) = (/)fiZ((/)fi), where (/>„ is the (metastable) 
crystal density], the equilibrium of chemical potential 
(/i(.j = /Ip) is only established within a finite period of 
time, which can be rather long (about 1 h) for the 
comparably slow colloidal dynamics. In this period. 
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crystal nuclei form and subsequently grow. Several 
investigations have taken advantage of this behaviour 
in order to determine the crystallization kinetics and, in 
particular, the temporal evolution of crystal nucleation 
and growth [13-17]. The results have been interpreted in 
terms of the classical nucleation theory, an approach first 
suggested by Russel [18]. A review has been given by one 
of us of the results obtained with purely repulsive systems 
recently [19]. 

In the present work, we demonstrate experiments 
where we simultaneously perform small-angle and Bragg 
light scattering. We obtain data sets for the temporal 
evolution of the number of crystals and their size, and 
these are consistent on the level of the individual 
crystallites and on the level of long-range density fluctu- 
ations as well. We determine the nucleation rate densities 
at different supersaturations and compare them with 
classical nucleation theory. We also report crystal growth 
data in view of the Wilson-Frenkel growth scenario. Our 
data allow a numerical comparison with results from 
atomic and molecular systems. In addition, we assess the 
influence that polydispersity has on our data. 



Classical crystallization theory 

Nucleation kinetics 



The classical picture of nucleation assumes a statistical 
particle density fluctuation in the metastable melt that 
forms an ordered cluster in the surrounding fluid [20, 21]. 
Whether this initial cluster is stable (and grows) or 
unstable (and disappears) is governed by competition 
between the surface energy of the cluster, given by the 
(macroscopic) fluid-crystal surface tension, y, and the 
gain of energy upon crystallization. The radius of 
the critical cluster, Rc, can be calculated by minimizing 
the free energy. Following Kelton [22], the molar 
nucleation rate, j, can be written as 



7 = 



/6\ 




167iy^V^ \ 

3kBr(A/ifJ ’ 

( 1 ) 



Eq. (1) correspondingly. For the mean path length of 
diffusion, we adopt the mean interparticle distance in the 
metastable fluid, with r the radius of the 

colloidal particles. The average volume per particle in 
the growing nuclens can also be expressed in terms of 
the cluster particle volume fraction, V — A%r^ 

This gives 



/ = An — ^ exp - 



47ry* 

27^1^ 



( 2 ) 



where An = 6y*'^^ j , Afi* — A^/k^T and 
y* — Ap-ylk^T ■ From the equation of state, the density 
of the crystals, as well as the chemical potential 
difference, Aff, can be calculated as a function of the 
density of the metastable fluid. Transient compression 
effects are not included since we set ())gi = 0^,^. For the 
fluid phase, we use the equation given by Carnahan and 
Starling [4], whereas for the crystalline phase we use that 
given by Young and Alder [6]. The combination of both 
equations, yielding the equilibrium properties, can be 
solved only numerically. We therefore approximate the 
exact results with an error of less than 1% by the 
following quadratic forms [25]; 



d/3 



0er(</>n) = 0.5455 + 1.3O8(0n - </)f) - 2.93(</)n - 



( 3 ) 



A/i*((/)n) = -10.354(<).n - </>f) - 56.23(</.n - (4) 



These equations are used together with Eq. (2) for the 
data evaluation. 0*/^ exhibits no significant variation as a 
function of cji^. Accordingly, we regard An as constant in 
the evaluation process. Besides An, the only parameter 
that governs the nucleation rate in hard-sphere colloidal 
systems is expected to be the crystal-fluid surface tension, 
y*, which we regard here as a fitting parameter. 
Theoretical studies predict either y* w 0.3 [26, 27] or 
y* w 0.6 [28-30]. Experimental results [13, 31] seem to 
indicate that the appropriate valne may be close to 
y* w 0.55. 



Wilson-Frenkel growth 



where D is the diffusion coefflcient of the particles and ^ is 
the mean path length for the diffusion of the particle to 
the cluster surface. Np is Avogadro’s number and V is the 
average volume per molecule. Afi is the chemical 
potential difference between the initial phase and the 
nucleated phase and k^T is the thermal energy. Equation 
(1) has been used in a recent numerical study of 
nucleation and growth in methanol [23]. This allows a 
detailed comparison between the behaviour of molecular 
and colloidal matter. Eor hard-sphere colloidal crystals, 
the nucleation rate density, J, is the appropriate quantity 
that is experimentally accessible [18, 24]. We modify 



For the quantitative description of the growth kinetics of 
a cluster that exceeds the critical radius, we use the 
growth law proposed by Wilson and Frenkel [21] 

V = vq[1 - exp{Afi*)] , (5) 

which has been successfully used already to describe the 
crystal growth process in charged colloidal samples [32, 
33]. The user of Eq. (5) implies the following restrictions 
with regard to the growth process. Eirst, the growth is 
assumed to be linear in time, that is, we have interface- 
(or reaction-) limited growth. Accordingly, the maximum 
growth velocity is determined by the incorporation of the 
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particles into the crystal surface. In contrast, diffusion- 
limited growth predicts a growth law proportional to the 
square root of time. This would slow the crystal growth 
in the coexistence region because of the density difference 
between the liquid and the crystal, which is absent above 
We shall come back to this point later. Furthermore, 
we assume normal growth for the crystal growth process, 
meaning that the growth kinetics is independent of the 
surface site. This necessarily implies a rough surface, 
leading to nonfaceted crystallites. This is in line with 
observations of He et al. [34], who found rough surfaces 
of hard-sphere crystals with the aid of light microscopy; 
however, they also observed growth instabilities that lead 
to anisotropic, nonspherical crystals. A dendritic growth 
process has been observed under conditions of micro- 
gravity [35]. 

The factor vq can be interpreted as a typical velocity 
for particles to be incorporated into the crystal surface, 
while the second term is the probability for them to be 
incorporated into the growing crystal. As colloidal 
particle dynamics is overdamped, we assume vq to be 
governed by the diffusion of the particles over a certain 
distance, vq=D(^. As before, we take the mean 
interparticle distance in the metastable fluid, 
C = 2r/(j}\l\^ 

In order to describe the experimental data within the 
framework of the theory, one has to decide which 
diffusion coefficient to use. Whereas it seems to be 
evident that incorporation particle dynamics has to be 
described by self-diffusion, it is not immediately clear 
whether to regard the self-diffusion in the limit of short 
or long times. This question has been discussed in detail 
by van Duijneveldt [24], who suggested using a diffusion 
coefficient that is affected by the nearest-neighbour cage, 
because is of the order of the dimension of the particles. 
In addition, he suggested using the long-time self- 
diffusion coefficient, because it seemed to be consistent 
with the experimental data. We follow his argumentation 
and choose the long-time self-diffusion coefficient. 



Dt 



Do 




( 6 ) 



normalised by Do — k^T /{6nt]r), the Stokes-Einstein 
diffusion coefficient of an isolated colloidal particle in a 
medium of viscosity rj. Van Duijneveldt used 3 = 1.76, 
whereas the theoretical prediction of Tokuyama and 
Oppenheim [36] yields 3 = 2 at high volume fractions. 
Our choice of ^ = 2.58 provides the advantage that 
Eq. (6) has been obtained experimentally with hard- 
sphere colloidal suspensions very similar to ours at 
volume fractions close to the glass transition. Hence, our 
growth law reads 



' In Ref. [19], a slightly different definition of { was used, and this 
leads to numerically different values for the kinetic prefactors 



v=Kq [1 - exp(A/t*)] with Kq = - ■ (7) 

As before, the chemical potential difference is completely 
determined by the equation of state in the form of 
Eqs. (3) and (4), which means that only one fitting 
parameter (Aq) remains. 



Experimental 

Light scattering apparatus 

The light scattering apparatus was constructed specifically for our 
approach [25]. A scheme of the setup can be found elsewhere [19]. 
The vertically polarized beam of He-Ne laser (632.8 nm) is 
spatially filtered by a combination of a microscope objective 
(lOx), a pinhole (diameter: 40 /rm) and an asymmetric biconvex lens 
(/' = 100 mm). The distance between the pinhole and the biconvex 
lens is adjusted such that the transmitted beam is not collimated, 
but is focused onto the beam stop of the small-angle detector, 
located at a distance of about 150 cm. The cuvette with the 
colloidal suspension under study is located in a sample cell filled 
with a decahydronaphthalene (DHN) 1, 2, 3, 4-tetrahydronaph- 
thalene (THN) mixture. The light beam enters the sample cell 
through a glass window. The Bragg scattered light leaves the 
sample cell through a spherical lens, which consists of a sector of a 
sphere (radius 50 mm, thickness 40 mm). The vortex of the lens 
was ground to form a plane exit window perpendicular to the 
optical axis of 12.5-mm diameter. The entrance window and the 
spherical lens are made from KIO (Schott), which has a refractive 
index close to the suspending fluid (see later). The centre of the 
cuvette is located at the front focal point of the spherical refracting 
surface. This optical setup guarantees that light scattered under 
equal angles in the illuminated volume is collected in a single point 
on the back focal plane of the spherical surface, where the Bragg 
detectors are located. On the Bragg detector post, six photodiode 
detector units are arranged concentrically around the spherical lens 
at a distance of 10 cm. Three units are arranged linearly on the 
small-angle detector post. Both posts are mounted onto a large 
aluminum frame, which is rotated about the optical axis by a 
stepper motor that performs a full rotation with 6272 steps. In this 
way, the complete two-dimensional scattering pattern is accessible. 
After each step (approximately 0.06°), the scattered intensity 
measured by the photodiodes is digitized and stored for further 
evaluation by a personal computer. A single measurement takes 
about 40 s. In order to enhance the statistical accuracy of the 
results, we angularly average in this contribution the intensities for 
every individual q. Angularly resolved measurements have been 
applied earlier to study heterogeneous nucleation at the cuvette 
walls [37]. We note that polarization effects in the Debye-Scherrer 
rings are superimposed by multiply scattered light. Corrections for 
multiple scattering were generally found to be unnecessary in the q 
region investigated here [25]. We calibrated the apparatus using an 
optical grid that was immersed into the index-matching bath. The 
accessible Bragg scattering vector range («=1.5) is q = 5.5- 
18.9 with a resolution of Sq = 0.15 This comparatively 
large angular range allows the time evolution of different Bragg 
peaks to be measured. For small-angle scattering the range is 
q = 0.02-0.8 l/im“’ with a resolution of 8q = 0.012/im^'. 

Before starting a series of individual measurements, the 
colloidal suspensions were shear-molten by a slow rotation of the 
cuvette for several hours or days. This should destroy any 
crystalline order within the suspension. Stopping the rotation and 
inserting the cuvette into the sample cell defines t = 0 for the 
measurement series. The sample cell is thermostatted with Peltier 
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elements to better than 0.1 K. This stability is necessary in order to solidification measurement the refractive index variation within the 

maintain the refractive index matching in the course of the particles remains constant. 

measurements. 



Sample preparation 



Data evaluation and experimental results 



The particles used comprised a poly(methyl methacrylate) 
(PMMA) core with short hairs of poly(hydroxy stearic acid) 
(PHSA) grafted onto the surface. They were synthesized by 
Underwood (SMU28, [38]) and have been carefully characterized 
for their radius and the corresponding size polydispersity by static 
light scattering [39]. We obtained a particle core radius of 
r = (435 ± 4) nm and a remarkably low size polydispersity of 
2.5%. The eifective hard-sphere radius of these particles 
(r = 445 nm, determined from the phase boundaries) is consistent 
with the expectation of a hairy layer of approximately 10 nm [3]. 

The particles were suspended in a suitably chosen mixture of 
DHN (isomeric mixture) and THN (both from Merck, Germany). 
The mixing ratio was adjusted such that the solvent matches the 
refractive index of the particles. A complete match of the refractive 
indices of particle and solvent is virtually impossible for a core- 
shell system. We therefore adopted the following empirical 
procedure. The particles were suspended in pure DHN to yield a 
high volume fraction. A strongly turbid sample resulted. We added 
THN and observed a strong decrease in turbidity. Close to the 
optimal index matching point of approximately 35% THN by 
volume, the turbidity does not change significantly. Alternatively, 
we observed the dispersive behaviour of the sample. A slight 
surplus of THN at the matching point leads to bluish appearance of 
the sample when observed under white light illumination, whereas a 
surplus of DHN leads to a yellowish appearance. We always tried 
to obtain a purple transmission, indicating the matching point. 

The immediate requirement for performing crystallization 
measurements of hard-sphere suspensions is a sample of exactly 
known particle volume fraction. Owing to a limited amount of 
colloidal material, we adopted the following procedure for fixing (j>. 
We prepared a diluted suspension by adding DHN and THN to a 
colloidal sample until index-matching was achieved. The suspen- 
sions as well as the solvents were filtered using 5-^m polytetraflu- 
oroethylene filters; the complete procedure was performed in a 
laminar flow box. The suspension was filled into a rectangular 
cuvette (10 X 5 X 20-mm inner volume). The particles were centri- 
fuged to form a compact sediment of 0 Ri 0.64, and a sufficient 
amount of supernatant liquid was removed to obtain a concen- 
trated sample {(j) r: 0.57) for the first light scattering measurement. 
Subsequently, we diluted the sample with the supernatant liquid 
removed before, the amount of solvent added being controlled by 
weight, and investigated this diluted sample. We terminated the 
series at a volume fraction where nucleation becomes very slow. We 
then determined the effective hard-sphere volume fraction of the 
last sample using the sedimentation method described Paulin and 
Ackerson [40], where the sample volume fraction is obtained from 
an extrapolation of the respective volumes of the liquid and the 
solid phase to t = 0. We note that the uncertainty of this 
determination is mainly given by the theoretical values for (j>p 
and The concentration of every sample investigated in our 
dilution series was calculated using Ppmma = 1.188 g/cm^, a value 
close to that used by Phan et al. [3]. 

In this investigation, we report results for two different dilution 
sequences. The difference in the hard-sphere volume fractions 
observed during these runs stems from the slight evaporation of the 
solvent despite careful sealing. 

We finish this section by noting that THN, over periods of 
several weeks, slowly penetrates the particle core [3, 39]. This has 
already been observed for a different solvent [41]. This observation 
prohibited us from using calculated particle form factors for data 
correction purposes. We therefore used the scattering of the shear- 
molten state as a reference and note that in the course of a single 



Small-angle scattering 



Small-angle light scattering experiments are plagued by parasitic 
light scattering from dust or optical inhomogenities from the 
optical surfaces. As described before, we kept the number of 
transmitted surfaces low. Nevertheless, we observed strong back- 
ground scattering. In order to correct for this background, we 
subtracted an early measurement from our data. We observed a 
clear-cut peak at finite q, which grew with time and became 
narrower. The maximum intensity shifted towards smaller q. 

The observation of a peak in the small-angle scattering intensity, 
though in accordance with different studies [13, 15, 24], still lacks a 
quantitative explanation. Qualitatively, the peak results from large- 
scale variations of the refractive index with overall conservation of 
the particle number density or the mean refractive index; thus, 
i(q ^ 0) = 0. Its shape is determined from details of the density 
fluctuations and their spatial distribution. In crystallization, it may 
stem from the crystal and the surrounding depletion zone, which, 
however, may change in the course of time [42]. In the present 
contribution, we focus on the temporal evolution of the peak and 
leave a structural explanation for further investigations. 

With progressing solidification, the maximum peak intensity, 
'max oc NR^, increases, because either the number of crystals in the 
scattering volume increases or the individual crystals grow. Both 
processes result in a shift of the peak towards smaller q values. A 
strong aid in the data evaluation is the observed scaling of the 
small-angle scattering peak [13] according to 

“ ^*max(0-^[l//^niax{l)] ) {^) 



where F(Q) is a universal model function for Q = qlqmxiif)- 
Several functional forms for F{Q) have been suggested in the 
literature [13, 15]. For the present evaluation, we modify the 
standard Furukawa function [43], which harmonically adds a low-^ 
dependence to a large-(jr dependence. We add a constant, C, 
that is independent of Q and obtain 



m) 



<5-f 2-f C 
bQ-^ -f 2g<5 -f C 



(9) 



For spinodal decomposition, 5 — 1 is the fractal dimension of 
the surfaces, which is frequently found to be rf = 3. As we have no a 
priori information about the structure of the depletion zones, we 
regard <5 as a free parameter. The combination of Eqs. (8) and (9) 
yields 




( 10 ) 



with the fitting parameters i\ = imax(<5 + 1 + C), q\ = gmax(^/C)'^^ 
and q 2 = qr.ACI2f"’. 

With great caution, 1 /q\ may be interpreted as the characteristic 
extension of the crystal, and \/q 2 as the extension of the depletion 
zone. However, providing a structural model is beyond of the scope 
of this contribution and requires data of still improved statistical 
quality; therefore, we used Eq. (10) as a fitting function only and 
obtained from this fit i^ax and ^max, from which N{i) and R(t) can 
be calculated [25]. For technical reasons, we determined q ^/2 
instead of <j'max> which is defined as the larger q value of 
P(Q\I 2 ) = 1/2 and can be evaluated very similarly to ^max [13]. 
The results are collected in Fig. 1. We shall return to a detailed 
discussion of the data in a subsequent section. 
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Bragg scattering 



Owing to the close match of the refractive indices, we assume that 
the scattered light intensity can be calculated using the Rayleigh- 
Debye-Gans approximation. Accordingly, we write the scattered 
intensity in the Bragg range as a product of the individual particle 
form factor, P(q), and different structural contributions 

I(q, t) (X P(q) [5'Bragg(9, t) + Sdiff(^, t) + 5nuid(9, 0] > (1 1) 



where 5nuid is the structure factor of the fluid phase, i'sragg describes 
the Bragg reflections of the crystals, and Sdiff gathers contributions 
from grain boundaries or crystal imperfections. The respective 
weights of the different structures vary with time as solidification 
proceeds; ^Bragg and 5diff may also alter their q variation. For Saragg, 
this originates, for instance, from the relaxation of the initial 
compression of the crystals. 5diff on the other hand, may reflect the 
increasing number of crystalline imperfections in larger crystals. 
■Sfluid comprises contributions of the fluid structure factor of the 
metastable fluid and of the structure factor of the equilibrium fluid. 
The latter contribution is absent for > (j>^; the q dependence of 
the former could be calculated using the Percus-Yevick structure 
factor for 4>n [44]. 

As discussed earlier, the particle form factor is not available 
with sufficient accuracy. Accordingly, we divide our data by an 
early measurement 



i{q, t) 



i(q, t) 



‘SBragg(?i t) 
*^fluid(^/5 0) 



+ B(q,t) , 



( 12 ) 



where B(^, t) is a baseline which is allowed to change only slowly 
and continuously as well as with time as with q. In addition, we 
require that the fluid structure does not lead to considerable 
distortions of the individual Bragg reflection. It is then possible to 
isolate the reflection’s time dependence for further quantitative 
analysis. 

The requirements as mentioned earlier are well established for 
the (2 2 0) and the (3 1 1) peaks only. As discussed in detail earlier 
[37], we observed that the (3 11) peak is influenced for our particles 
by scattering contributions from oriented close-packed planes that 
exhibit different growth kinetics. We therefore restrict ourselves 
here to the temporal evolution of the (2 2 0) lattice peak and note 
that the evolution of (3 1 1) and (1 1 1) could be determined 
without disturbing side effects using particles with a different size. 



Because the crystalline samples under investigation consist of 
randomly oriented crystals, the Bragg structure factor we measure 
appears in the shape of Debye-Scherrer rings centred about the 
optical axis of the experiment. The structure factor is therefore an 
average over different crystallite orientations. In addition, the 
individual crystals are not large compared to the wavelength, 
meaning that the crystal form factor has to be taken into account, 
which leads to a finite width, hq, of the Debye-Scherrer ring. The 
angular averaged intensity of the Debye-Scherrer ring is accord- 
ingly given by 

‘5’Bragg(A<;', t) = ff S%ra%%(\q — G\,t)d^q , (13) 

where G is the reciprocal lattice vector. We assume that the 
scattering of a spherical crystal of radius R can be described by a 
Rayleigh-Debye-Gans form factor, centred at g = G. We evaluate 
Eq. (13) in the limit of Ag << q and obtain 

‘5’Bragg(A<;', t) (X [1 — cos{2AqR) — 2AqRsm{2AqR) 

+ 2Aq^R^]/(2Aq*R‘^) . (14) 

Hence, SBragg(Ag, t) given by Eq. (14) is the shape factor of the 
individual crystallites, averaged in reciprocal space over every 
crystal orientation. In turn, the use of Eq. (14) allows us to extract 
the typical dimensions, R, of the crystallites from the width of the 
Bragg peak that we obtain by angular averaging over the Debye- 
Scherrer ring. 

The scattered intensity is proportional to the shape factor times 
the crystalline volume squared times the number of crystals N 
times an optical constant representing the scattering strength. For 
the scattered intensity integrated over the Bragg peak, we thus 
obtain 

ipeak(f)=^o / N{t)R{t) SBT^gg{Aq,t)dAq 

Jq\ 

(xN(t)R(tf (xX{t) , (15) 

where the integration is restricted to those q values where the Bragg 
peak differs from the baseline. X(t) is the crystalline fraction of the 
sample. The results for A(t) and R(t) are shown in Fig. 2, which can 
be compared directly with the smafl-angle scattering data shown in 
Fig. 1. 





R 

pm 



Fig. 1 Temporal behaviour of the maximum intensity, imax, the 
characteristic scattering vector, q-^jg, the crystal number density, A, 
and the average crystal size, R, calculated from the small-angle 
scattering data. The sample volume fraction is (j>B = 0.538 




Fig. 2 Temporal behaviour of the crystalline fraction, X,R and N 
calculated from the Bragg scattering data. The sample volume fraction 
is 0(] = 0.538 
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Merging of the small-angle and Bragg scattering data 

We have shown that N(t) and R(t) can be obtained from small- 
angle and Bragg scattering data independently. The data very 
satisfactorily exhibit the same qualitative and quantitative beha- 
viour [25, 45], This redundancy can be used to obtain a set of N(i) 
and R(t) of improved statistical quality upon merging these data. In 
addition, some experimental limitations of both individual methods 
can be removed from the data. 

First, we observed that R(t) never exceeded R = 15/im in the 
Bragg data, though the corresponding width of the Bragg peak is 
larger than the experimental resolution. No individual experimen- 
tal uncertainty (such as the converging incident light beam, lens 
aberrations or an incorrect lens adjustment) can explain this broad 
reflection; however, a combination of these effects may play a role. 
The small-angle scattering data, on the other hand, are readily 
prone to saturation effects of the photodiodes, as the scattered light 
intensity as a function of time and of sample concentration varies 
over orders of magnitude. Whereas the data at large f exhibit a low 
signal-to- noise ratio, the scattered light of the samples at small f 
saturates the detector. 

We therefore proceeded as follows. First, we compared the 
crystal radii, R{t), as obtained from both methods and decided on 
the most reliable values on the basis of the standard deviation of 
the respective fit and the saturation limits mentioned. The results 
are shown in Fig. 4. The use of the model functions as described 
previously leads to a systematic deviation between the small-angle 
and the Bragg data, which can be removed by dividing the small- 
angle data by 1.19 [19]. The reason for this deviation for t ^ oo 
stems from the different structural origin of the small-angle and the 
Bragg data: only the latter yield the radius of the crystals 
immediately, whereas for the former the radius is less well defined 
(see the discussion earlier). Next, we determined the crystalline 
fraction, X(t), from the Bragg scattering data by normalisation of 
Ipeak(t) by its long-time limit, ipeak(t ^ oo). For samples below 0^^, 
the expected crystalline fraction is taken into account.^ Assuming 
that X(t) is identical for the small-angle and the Bragg scattering 
data, we normalized the small-angle scattering data correspond- 
ingly. Again, we selected the most reliable data. From X{t), we 
calculated N(t)', the results are shown in Fig. 3. From the initial 
slope of these data, we obtained the nucleation rate density, 
J = d/V /dt, and the growth rate, v = dR/At. 



Comparison of theory and experiment 

The results for the temporal evolution of the number of 
crystals are shown in Fig. 3. As a general observation, we 
find a roughly linear increase of N{t), followed by a 
saturation or even a decreasing number of crystals. We 
interpret this behaviour as the transition from a nucle- 
ation and growth period to ripening behaviour, where 
the larger crystals grow at the expense of the smaller 
ones, and we restrict our evaluation to the former 
process. In addition, the nucleation seems to start with a 
delay for most of the samples. The data for the temporal 
evolution of the crystal radii, which are shown in Fig. 4, 
also exhibit this induction time, together with a finite 



^ This procedure has been cross-checked by the observation that 
;peak(t ^ oo) is constant above to within a systematic error 
20%. If we calculate, using this value, X(t) for samples below 
we obtain the values that are predicted by the phase diagram. 
Interestingly, Harland and coworkers [16, 17] reportX(t ^ oo) f 1 
above as yet unexplained 



minimum crystal size. Subsequently, the data points 
show a more-or-less linear increase of the crystal size. 



Induction time 

Subsequent to the induction time, q, the nucleation rate is 
found to be almost constant. Only a double-logarithmic 
plot of N{t) exhibits noticeable, but small, deviations 
from linear behaviour. Harland and Van Megen [17] 
observed different behaviour for similar data sets. Their 
number densities of crystals exhibited a temporal power- 
law behaviour with exponents up to 3, a behaviour they 
termed accelerated nucleation. A comparable behaviour 
is absent in our data. We therefore prefer to speak about a 
delayed nucleation, which gives rise to small nonlinear- 
ities in a double-logarithmic plot. From Fig. 3, we obtain 
q by a linear extrapolation ofV(t), that is, V(q) = 0. The 
corresponding data are collected in Fig. 5. The induction 
time is found to decrease with increasing supersaturation, 
saturating at approximately with q = 4 min. The 
minimal cluster radius exhibits a similar behaviour, the 
saturation value being approximately 2 /im, equivalent to 
1-2 lattice constants or 2-3 particle diameters. 

These results agree very well with the classical picture 
of nucleation. The nucleation rate is assumed to be 
constant up to that time where ripening sets in, in 
accordance with our data. In addition, the initial 
nonlinear behaviour (the induction time) can be well 
understood, as the system needs some time to acquire a 
steady-state cluster distribution after the fast quenching 
into the coexistence region [22]. This period of time 
should decrease with increasing supersaturation, because 
the critical radius decreases drastically, in agreement with 
our data and those reported by Harland and van Megen 
[17]. Upon approach of the glass transition, the decreas- 
ing diffusion coefficient may lead to an again increasing 
induction time, as clearly visible in the data of Harland 
and van Megen; however, our data do not reproduce this 
trend [19]. 



Nucleation and growth rates 



In proceeding further, we determined the normalized 
nucleation rate density, J*, as a function of supersatu- 
ration from the data shown in Fig. 3. Where the slope 
changes slightly, we used the initial slope only. As shown 
before, classical nucleation theory predicts 



^*(0n) = 



Jr 



Ary' 



. 3„*3 



27Cr(0fl)(A/i*((/)fi)) 



(16) 
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Fig. 3 Temporal behaviour of 
the crystal number density, 
N(t), for selected samples with 
the volume fraction indicated. 
Notice the scale variation 
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Fig. 4 Temporal behaviour of 
the average crystal sizes, R(t), 
for selected samples with the 
volume fraction indicated. 
Notice the scale variation 
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where we are left with only two adjustable parameters, 
that is, the surface tension y* and K^. The diffusion 
coefficient is specified by Eq. (6) and </>cr(0fi) 
Ap*((/)f|) by Eqs. (3) and (4). The corresponding data 
together with a fit of Eq. (16) are shown in Eig. 6. The 
expected functional dependence of is in excel- 

lent agreement with our experimental data. The surface 
tension we determine from this fit is y* — 0.51, close 
the theoretical expectation for hard-sphere crystals 
reported by Marr and Gast [31] and almost identical 
to the value read from the data of Harland and van 
Megen [17]. The kinetic prefactor amounts to 
= 0.013, which is remarkably close to the value 
used by Harland and van Megen to fit their data 
(AIn = 0.01). We keep a discussion of for the end of 
this section. Similarly, we determined the normalized 
growth velocity, v*, 



= -exp(Ap*(0fi))j (17) 

from the data shown in Fig. 4. We determined an initial 
linear slope from R{t) and regard the radius offset as the 
crystal radius Rc, corresponding to the induction time q. 
The data obtained are shown in Fig. 7 together with a fit 
to the theory. Again, the agreement between theory and 
experiment is very good. The kinetic prefactor AIg = 15 is 
the only adjustable parameter. 

The data at small volume fractions seem to deviate 
increasingly. This may have two different reasons. On the 
one hand, the diffusion coefficient we choose may 
become inadequate. This would not be noticed in the 
nucleation data, as these are dominated by the increase in 
the surface contribution at low 0fi. We recall from the 
previous discussion that the choice of the functional form 
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Fig. 5 Induction time, t\, and minimal crystal size, i?niin. as a function 




Fig. 6 Nucleation rate, J* , as a function of the sample density, 

The solid line is a calculation according to the classical nucleation 
theory. The fitting parameters are the surface tension y* = 0.51 and 
the kinetic prefactor, = 0.013 

for the self-diffusion coefficient is not unequivocal. In 
addition, at smaller volume fractions even collective 
diffusion may come into play owing to the increasing 
density differences between the metastable fluid and the 
crystal phase. 

On the other hand, the growth velocities were 
obtained assuming R{t) oc t. One might argue that a 
diffusion-limited growth process with R{t) oc would 
better describe our data. This would, however, be 



3x1 O'* 
10 ''* 
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Fig. 7 Growth velocity, y*, as a function of The solid line is a 
calculation according to the Wilson-Frenkel growth law. The single 
fitting parameter is the kinetic prefactor, Kq = 1 5 

difficult to observe, because at high volume fractions 
the crystallization is fast and R{t) is dominated by 
ripening. In addition, at early times the limited number 
of data will probably always yield a linear relationship. 
The growth exponents we determine lie between the 
extreme cases of 0.5 and 1. Diffusion-limited growth 
should have the most pronounced influence on the data 
where the crystallization is slow, that is, at low where 
we observe the data deviate. 



Kinetic prefactors 

Besides the results presented so far, the kinetic prefactors 
deserve further attention, because they appear to span 
orders of magnitude in experimental investigations of 
atomic and molecular system [22]. 

If we use the appropriate length scales for colloidal 
systems, we expect Kfj w 1.6 for = 0.51 and = 0.6 
(cf. Eq. 2). The experimentally determined value is 
approximately — 0.013, which is 2 orders of magni- 
tude smaller than the theoretical value. The opposite is 
true for Kq, where the experimentally determined value 
of 15 is 1 order of magnitude larger than the predicted 
value of 0.5. 

It should now be possible to compare these results 
with those reported for atomic or molecular systems. 
Unfortunately, these data exhibit an inconsistent picture 
[22]. Whereas, for instance, Kn for liquid Hg is reported 
to be 7 orders of magnitude higher than expected, the 
kinetic prefactors for different «-alkanes seem to be in 
accordance with expectation, and the nucleation rate as a 
function of supersaturation is in accordance with the 
classical theory. The deviation for liquid Hg can be 
explained if the surface tension is modelled as tempera- 
ture-dependent. Granasy Igloi [46] drew a similar con- 
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elusion. They compared different nonclassical nucleation 
theories, divided into modifications of the classical theory 
and density functional approaches. From a comparison 
with experimental data, they concluded that a modifica- 
tion of the surface energy assuming a diffuse interface 
correctly predicts the experimentally determined nucle- 
ation rates, whereas density functional approaches fail to 
provide agreement with experimental data. 

In a recent study, Brugmans and Vos [23] investigated 
the nucleation and crystal growth in methanol subjected 
to high pressures. In their study, supersaturation was 
proportional to a pressure difference. They found 
excellent agreement of their nucleation rate data with 
the classical theory and of their growth rate data with the 
Wilson-Frenkel law. In the latter case, even Kq could be 
reproduced with reasonable assumptions, whereas ATn 
was found to be 20 orders of magnitude lower than 
expected, with no explanation given. 

In view of these partly contradictory results for atomic 
and molecular systems, the agreement between classical 
theories and experimental data appears to be remarkably 
good for hard-sphere colloidal systems. Even the kinetic 
prefactors differ (only) by 1 or 2 orders of magnifude from 
expectation. In particular, the simple idea of a sharp 
interface with a macroscopically defined surface tension 
between the crystal nuclei and the surrounding fluid seems 
to be effective. Experimental and theoretical values for the 
surface tension are in good agreement with each other. 



Particle polydispersity 

Recently, the influence of the particle size polydispersity 
on hard-sphere crystallization has been discussed. In 
view of the results presented here, some comments seen 
to be appropriate. 

Bolhuis and Kofke [47] predicted from Monte Carlo 
simulations a shift of the phase boundaries that amounts 
to 0P = 0.502 and = 0.550 for a Gaussian-distribut- 
ed 5% particle size polydispersity. The particle we used in 
the present study exhibited a remarkably low polydis- 
persity of 2.5%. Accordingly, we expect that the shift of 
the freezing volume fraction owing to polydispersity 
should be rather small. As the effective hard-sphere 
radius, calculated from is in very good agreement 
with expectation, we estimate that the phase boundaries 
we use are not prone to polydispersity effects. Again 
owing to the small polydispersity of our particles, we also 
expect no fractionated crystallization as reported by 
Bartlett [48]. However, the nucleation and growth rates 
themselves may be influenced by polydispersity. Hender- 
son et al. [49] measured a tenfold reduction of the 
nucleation rate upon increasing the particle size polydis- 
persity from 6 to 11%. They explain this effect by a 
(comparably slow) ejection of nonfitting particles from 



the crystal that is composed of the majority particle 
fraction; however, with small polydispersities like those 
of the present study, the fraction of nonfitting particles is 
very low and will probably influence the growth kinetics 
only at late stages, where the crystal attains it final 
composition, while the nucleation rate may not be 
influenced at all. From the classical theory, we can 
estimate the polydispersity effect on J by calculating 
assuming a cluster of a single particle with 2.5% radius 
deviation surrounded by four particles having nominal 
radii. Obviously, a smaller particle increases the nucle- 
ation rate, whereas a larger one leads to a decreased 
nucleation rate. In this model, the average nucleation 
rate therefore remains unchanged by (a symmetrical) 
polydispersity. In addition, the numerical effect is very 
small (approximately 5%) and does not explain the 
observed discrepancy for K^. 

A different origin for the influence of polydispersity 
on the crystallization has been observed by Phan et al. 
[50]. They found significant deviations from the crystal- 
line equation of state with increasing polydispersity and 
suggested a model crystal structure, where smaller 
particles tend to surround larger ones, thereby reducing 
the crystalline packing fraction. Again, the small poly- 
dispersity of the particles in the present study prohibits us 
from noticing any effects related to their observation. 

If we bear in mind that the choice of the correct 
functional form of T)((/)f|) has a strong influence on the 
observed crystallization kinetics, an unequivocal deter- 
mination of the effect of polydispersity on the kinetic 
prefactors seems to be very difficult. The important 
question, however, is, whether the observed deviation of 
the kinetic prefactors from expectation is a manifestation 
of a generic trend. Our data seem to favour this 
interpretation. As critical cluster formation as well as 
crystal growth are dominated by very similar particle 
dynamics, we are not aware of any mechanism where 
polydispersity causes a decrease in the nucleation rate 
and an increase in the growth rate at the same time. 



Conclusion 

We have shown that hard-sphere colloidal suspensions 
exhibit both, qualitatively and quantitatively, the depen- 
dence predicted by classical theories for crystal nucle- 
ation and growth as a function of supersaturation. The 
nucleation rate density is found to be 2 orders of 
magnitude slower, the crystal growth rate is found to 
be 1 order of magnitude faster compared to theoretical 
considerations. In view of the results for atomic and 
molecular systems, however, this deviation is small. 

The small numerical deviation may be explained by 
the combined influence of a wrong estimate for the 
diffusion coefficient, the length scale involved and the 
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particle polydispersity. Unfortunately, the results for 
atomic and molecular systems reported so far exhibit no 
clear trend to allow a unique comparison. As long as the 
experimental observations for atomic and molecular 
systems cannot be improved, the hard-sphere colloidal 
system can be regarded as a very effective model for 
crystallization processes. In view of the widespread 
applications of crystallization processes for industrial 
applications, further investigations may profit from a 



closer look at the dependence of the crystallization 
kinetics from the colloidal particle interaction potential. 
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Abstract A new computer simula- 
tion methodology is developed 
which determines the structure 
factor, S(q), of concentrated sus- 
pensions accurately and subse- 
quently calculates S(q) from the 
wavelength dependence of the 
“transport mean free path”, I (1), 
for the same systems. Therefore 
our method can test directly the 
validity of approximations involved 
in the analysis of multiple scatter- 
ing data. The simulation results for 
/ agree closely with experimental 
data and explain the substantial 
overestimation of I by the 
“photon diffusion” formula [1, 2] 
observed in some experiments. 



Keywords Suspension microstruc- 
ture • Multiple scattering • Monte 
Carlo 



Introduction 

Knowledge of the microstructure of colloidal suspen- 
sions is crucial for understanding their physical proper- 
ties; however, determination of the static structure 
factor, S{q), by conventional light scattering is severely 
limited by multiple scattering events, which smear out the 
information content of the angular intensity distribution 
of scattered radiation. The traditional way to circumvent 
this problem, which is widely adopted in the study of 
polymeric and micellar systems, relies on the selection of 
specific solvents. This procedure (refractive index match- 
ing) recovers approximately single scattering conditions. 
Unfortunately, the approach is not useful for colloidal 
suspensions; changing the solvent alters the particle- 
particle potential; hence, it alters the microstructure of 
the suspension, the very subject of the inquiry. 



Multiple scattering randomizes the direction of pho- 
ton propagation after a few scattering events and over a 
characteristic length scale, the “transport mean free 
path” typically denoted as / . / is measured by various 
methods: diffuse transmission spectroscopy [1, 2], diffuse 
wave spectroscopy [3], enhanced backscattering [4—7], 
and photon pathlength spectroscopy [8, 9]. The suspen- 
sion microstructure, i.e. the structure factor, S{q), can, in 
principle, be determined from the wavelength depen- 
dence of r [1, 2j. 



Model and simulation method 

The rigorous dependence of the transport mean free path, t (a), on 
the single particle form factor, F(q,X), and S{q) would require a full 
solution of the associated electromagnetic problem for every 
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suspension microstate [10-11]. Therefore, simplifications have been 
introduced which result in simpler relations. The most important 
are 

1. F{q,A) is calculated from Mie theory in the far-field limit [11, 12]. 

2. F(q, X), the multiparticle form factor, is approximated by 

F{q,A) X S(q). 

3. The radial distribution function, g(r), is assumed to become 

featureless over distances comparable to / [1,2]. 

We have developed a computer simulation methodology that 
can test approximations 1 and 3. Furthermore, by comparison with 
experiment, it can assess the range of validity of the second 
approximation and supply insight not accessible by experiment. 

Our simulation has three stages. The first stage consists of a 
Metropolis Monte Carlo simulation enhanced by the incorporation 
of “linked cells’’. The use of “linked cells’’ reduces substantially the 
computing time, which tends to increase linearly with the number 
of particles rather than quadratically as in a usual Monte Carlo 
simulation [13]. The output of this simulation is g(r), S(q) as well as 
a large collection of “snapshots” (ensemble of microstates) for the 
many-particle system. The method allows the simulation of fairly 
large systems that have reached the thermodynamic limit and 
allows reliable determination of S(q) from the Fourier transform of 
g(r) (Fig. 1). 

The second stage is a “photon” scattering simulation, which 
allows the “measurement” of I for a variety of scattering rules, 
related to the functional form of F(q,A) and empirical accounts of 
interference effects. We consider collections of randomly distribut- 
ed scatterers, which are configurations from stage 1. Photons 
interact with scatterers one by one. Photons are “inserted” in the 
center of the periodic box and first are scattered by the particle 
whose coordinates are closest to the center (core) of the system. The 
direction of photon propagation after the first scattering is chosen 
randomly from a probability distribution (phase function) based on 
Mie theory (far-field limit) and an approximate account of 
interference effects [10]. Subsequently, the program searches for 
the nearest scatterer (in terms of its scattering cross-section, a) 
along the new direction of photon propagation and the process is 
repeated until the photon exits the sample (simulation box). 




Fig. 1 Structure factor for a system of 6,912 particles with a diameter 
of 1.0 fim and a volume fraction (p = 0.25. Inset, the corresponding 
pair correlation function for the same system 



The photon trajectories and the number of scattering events are 
stored. Averaging over a large number of photons (typically 100- 
200 per configuration) and a collection of configurations (typically 
50) yields a statistically satisfactory result for the photon mean 
squared displacement (MSD) versus the number of scattering 
events, N. t can now be calculated from the slope of the linear 
portion of the curve in Fig. 2. In analogy with the Kuhn equivalent 
chain [14], t is related to the MSD through Eq. (1) 



N{1) ’ 



(1) 



where N is the number of collisions, (Ar^) the mean squared 
displacement and (/) the mean free path between successive 
scattering events. The linearity of the curve after a few scattering 
events shows that our systems have reached the “diffusive limit” 
(Fig. 2). 

The final stage, which is currently under development, will 
involve the determination of S{q) from / (2) and comparison with 
the known and exact S{q) from the first step (Metropolis Monte 
Carlo). This will require the “inversion” of the photon diffusion 
formula [1, 2] 



2ha 

T* = ,, T ,2 / y^^^y^^oa)S{y)y dy, 

‘ (koa) J 



( 2 ) 



where y = qa, p is the number density of scatterers, kg the 
wavenumber of the incident radiation and a the diameter of the 
scatterers. This equation is based on the diffusion approximation 
[1, 2] and the fact that / and / are linked through Eq. (3). 



I l-(cose) ’ ^ 

where (cos 9} is the average angle between successive scattering 
events. Equation (2) involves the serious assumption that / must 
exceed the distance over which structural correlations persist. 



Results and conclusions 

Preliminary simulation results and comparisons with 
experimental data are presented in Table 1, where we 
list values of / from our simulations, experimental 
data obtained from enhanced backscattering measure- 
ments [15] and transmission measurements [1] and the 
values for / predicted by the photon diffusion 
formula (Eq. 2). The structure factor used in Eq. (2) 
is the exact S(q) determined from Metropolis Monte 
Carlo. 

The present simulation predictions are very close to 
the experimental data with a typical deviation of less than 
10% and a maximum discrepancy of 20%. On the other 
hand, the predictions of Eq. (2) in some cases diverge 
considerably from the experimental values. 

The differences between the simulation results and the 
predictions of Eq. (2) are due primarily to the following 
two reasons: the simulation incorporates structural 
correlations not accounted for by Eq. (2) and it accounts 
for the (correct) distribution of mean free path values, 
while the derivation of Eq. (2) involves only the average / 
values. 
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Fig. 2 Mean squared displace- 
ment of photons (2 = 0.633 fim) 
in a dispersion of silica spheres 
in water (« = «i /«2 = 1 .095) with 
a diameter a = 1 .0 fim and a 
volume fraction (j) = 0.25. The 
straight line is a linear fit in 
order to determine the slope 
and consequently a value for I . 
Inset, detail of the initial por- 
tion of the curve illustrating the 
approach to the photon diffu- 
sion limit 



Table 1 Comparison for / 
between simulation, experiment 
and the photon diffusion 
formula 
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“Photon diffusion formula, Eq. (2) 
’’Computer simulation 
“ Experiment 
‘’Data from Ref [15] 

“Data from Ref. [1] 



The good agreement between experiment and simu- 
lation indicates that the far-held approximation for 
F{q,A) is not crucial and that interference effects can be 
taken into account in a heuristic way, which is satisfac- 
tory when the refractive index contrast is not very high 
(less than 1.2). 

In summary, we have developed a new simulation 
methodology that allows independent determination of 
S{q) and / in concentrated suspensions. This permits 
the test of various assumptions involved in the inter- 
pretation of multiple light scattering measurement 
techniques [1-9]. 

Currently further and more systematic comparisons 
with experimental data are under way. Moreover, effort 



is being made to invert Eq. (2) using the /*(2) from the 
simulation and to compare the resulting S{q) with the 
known and exact S{q) determined independently by 
Metropolis Monte Carlo. 
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Abstract The aggregative phenome- 
na taking place in gel-forming and 
not gel-forming reverse micelles are 
investigated and compared. In par- 
ticular, the different growth pro- 
cesses of the micelles (spherical in 
Aerosol OT based systems and cy- 
lindrical in lecithin-based systems) 
are monitored by the different dif- 
fusional properties of the inner-core 
water molecules, as seen by the 
neutronic probe in a quasielastic 
neutron scattering experiment. The 
different intermicellar aggregation 
processes taking place in the two 
kinds of systems have been evi- 



denced through the study of the 
concentration dependence of the 
electric conductivity. The results 
seem to support the proposed idea 
that the structure of the lecithin gel 
consists of a percolated network of 
branched cylinders instead of (as 
previously proposed) a random en- 
tangled network of (not intercon- 
nected) polymer-like micelles. 



Key words Reverse micelles • 
Gels • Dielectric relaxations • 
Electrorheology • Quasielastic 
neutron scattering 



Introduction 

The gel-forming character exhibited by a number of 
lecithin reverse micelle was historically ascribed to the 
existence of giant cylindrical aggregates that are able to 
entangle at high enough values of the concentration [1]. 
However, criticism has recently been made against such 
a polymer-like approach. First of all, the theoretical 
prediction for a micellar contour length exponentially 
scaling with the concentration in the dilute regime was 
revealed to be wrong [2]; at low values of the volume 
fraction the micellar size is independent of the concen- 
tration and is merely a function of the temperature and 
of the water content. The results from a small-angle 
neutron scattering experiment [3], performed on con- 
centrated systems, do not agree with the hypothesis of a 
random entangled network. Some recent dielectric 
relaxation experiments [4] on analogous systems seem 
to suggest a percolated network of branched cylindrical 
aggregates. Such a hypothesis could solve the puzzle, 
but the role played by the water molecules in deter- 



mining the macroscopic viscosity of the system requires 
further investigation. In this work tried to obtain 
further insight into this point by the comparative 
investigation of gel-forming (lecithin/cyclohexane/wa- 
ter) and non-gel-forming [sodium bis(2-ethylhexyl) 
sulfosuccinate (AOT) /cyclohexane/ water] reverse micel- 
lar solutions. 



Experimental procedure and discussion of the resuits 

Materials 

Soybean lecithin (Epicuron 200) was a gift from Eucas 
Meyer and was used as received. AOT, D 2 O (100% D) 
and Ji 2 -cyclohexane were purchased from Aldrich 
Chemicals. Water was deionized and bidistilled. AOT 
and lecithin reverse micelles were prepared at different 
values of the volume fraction, (/>, and of the water 
content, R (R is number of water molecules per 
surfactant molecule). 
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Incoherent quasielastic neutron scattering 



Incoherent quasielastic neutron scattering (QENS) mea- 
surements were performed using the NEAT instrument 
(BENSC), at roorn temperature, using an incident 
wavelength of 5.1 A and a resolution A£'=217 jUeV. 
The QENS spectra of water conhned in the micellar core 
were obtained by the difference between the correspond- 
ing isotopically substituted sample. The spectra obtained 
were deconvolved as the superposition of symmetric 
Lorentzian lines. 

The half line widths of the resolved translational lines 
obtained are reported in Eig. 1 as a function of (the R 
parameter refers to the water content). The continuous 
lines represent the results of the fitting with a jump- 
diffusion model 



rriQ) = 



1 + DjQ^Zq ’ 



( 1 ) 



where D-y is the diffusion constant and tq the residence 
time before the jump. Both in AOT- and in lecithin-based 




Fig. 1 Half width at half-maximum of the resolved quasielastic 
neutron scattering contributions from translational motions of water 
molecules confined in the micellar cores. The continuous lines are the 
fit results with a jump-diffusion model 



systems a higher mobility of water is observed as R 
increases (Table 1). Only in AOT is such a result 
consistent with a blowing-up process of the micelles. 
The slight increase in the mobility observed in lecithin 
reverse micelles has to be interpreted as due to the 
formation of a second hydration shell, but all the water 
molecules are involved in the structure of the micellar 
cross-section and remain entrapped at the micellar 
surface. That the sol-gel transition is observed above a 
minimum water content suggests that addition of water 
promotes some local structural change (branching?). 



Dielectric relaxations 



Impedance spectra of the lecithin/cyclohexane/water 
systems were recorded by means of a Chelsea dielectric 
interface CDI5/E4 coupled with a Schlumberger high- 
frequency-response SI 1255 analyzer. The dielectric 
measurements were performed at room temperature, 
with an applied held of 6 V/cm and in the frequency 
range 0.01 Hz-1 MHz. The sample cell consists of two 
concentric stainless steel cylinders; two fused quarts 
windows are used as the basis. The height of the cell is 
3.2 cm, while the external diameter is of 3.5 cm. The gap 
between the electrodes is about 0.5 cm. The dielectric 
data were analyzed in terms of a Cole-Cole dispersion 
model, 



-J£ 



£oo 



^0 ^oo 

1 + (Jonf 



( 2 ) 



where oj is the angular frequency, r is the characteristic 
relaxation time, Eq and are the permittivities at 
ojT < < 1 and CUT > > 1, respectively, and /? is a 
parameter describing the broadness of the distribution 
(0 < /I < 1; P=l means a single relaxation time). The 
htting parameters determined are reported in Table 2. It 



Table 1 Extracted jump-diffusion parameters for water confined in 
the micellar core 



Surfactant (composition) 


Dt (10 ^ cm^/s) 


T() (ps) 


AOT (4> = 0.2; R = 5) 


2.3 ± 10% 


1.6 ± 16% 


AOT {(l> = 0.2; R=10) 


3.4 ± 8% 


0.7 ± 13% 


Lecithin (<j> = 0.2; R = 5) 


3.5 ± 13% 


1.6 ± 8% 


Lecithin (0 = 0.2; i?= 10) 


3.4 ± 11% 


1.3 ± 8% 



Table 2 Extracted Cole-Cole relaxation parameters 
cyclohexane/H20 systems of different composition 


for lecithin/ 


System composition 


T (/iS) 


P 


0 = 0.2; it=10 


5.49 


0.28 


0 = 0.1; it=10 


9.94 


0.34 


0 = 0.05; 7? =10 


18.8 


0.40 


0 = 0.1; R = 6 


27.3 


0.37 
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Fig. 2 Scheme of the experi- 
mental setup for Schieleren 
imaging 




should be observed that the strongest dipoles are 
localized within the lecithin molecules. At low water 
content, these are tightly bonded among them to form 
the micellar interface and no relaxation process connect- 
ed with the reorientation of the dipoles of the end groups 
can be observed. An increase in the water content can 
promote some reorientational relaxation. An increasing 
probability of the formation of branch points with 0 
could explain the observed dependence of the relaxation 
parameters by the system composition: at a branch point 
the mobility of the lecithin end groups is higher. 



Impedance measurements and Schieleren imaging 

The sample cell was used in connection to a Trek 664 
high-voltage amplifier in order to test the effect of the 
application of high electric fields. The cell was inserted in 
the confocal point of a Schieleren optic and the changes 
in density induced by the electric field were recorded 
using a digital camera. The experimental apparatus is 
shown in Fig. 2. 

The effects of temperature on the conductivity of the 
systems, at high water contents, were tested by putting 
the cell in a thermostatic bath. During these measure- 
ments the field sfrengfh was faken below 100 V/cm in 
order fo mainfain fhe intensity of the current below 
200 fiA. 

The results are summarized in Fig. 3. The temperature 
dependences of the impedance look very different in the 
two systems. In AOT the conductivity is due to the free 
diffusion of ions and/or fo the exchange of charge among 
diffusing aggregates during a collision. As the tempera- 
ture increases the exchange processes become faster, the 
viscosity decreases and the conductivity increases. In the 
case of lecithin the same mechanisms occur but some 
other processes are probably superimposed that induce a 
decrease in the conductivity when the temperature 
increases. A possible explanation could be obtained by 
assuming that, at low temperature, the main channel of 
charge transport is represented by a connected infinite 




Fig. 3 Temperature evolution of the measured impedances for AOT/ 
cyclohexane/water (top) and lecithin/cyclohexane/water {bottom) 
systems 



cluster of branched micelles. As the temperature increas- 
es the branch points break, inducing the observed 
lowering of the conductivity. If this hypothesis is correcte 
the conductivity should scale with the number of 
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Fig. 4 Schieleren images of systems under an electric field. Top: AOT/ 
cyclohexane/water {(p = 0.2, i?=10). Bottom: lecithin/cyclohexane/ 
water = 0.2, = 10) 



branching points, which scale exponentially with tem- 
perature. 

Such a result was obtained at a frequency of 10 kHz, 
about the same value at which the loss tangent shows its 
maximum (see earlier). 

The same conclusions can be drawn from the 
observation of the Schieleren images obtained when an 
electric field is applied to our samples. When a field at 
relatively low frequency is applied to the AOT-based 
system, some weak electrorheological structure is ob- 
served on very short times, but it is soon destroyed by the 
establishment of convective motions in the fluid (Fig. 4). 
In contrast, in the case of lecithin a well-defined 
ordered structure is observed on a transient of several 
minutes(Fig. 4). After this time the regular columnar 



aggregates, evidenced for the first time, move slowly and 
collapse into larger aggregates and become rather 
disordered as time goes on. The effect could be under- 
stood by looking at the temporal behavior of the system 
conductivity under different electric fields. At low field 
strengths the conductivity of the system increases with 
time, suggesting that the applied field induces the 
formation of a connected structure bridging the elec- 
trodes, in a similar fashion to that evidenced by any 
conventional electrorheologic fluids. At high field 
strengths, the applied field induces a nonnegligible 
current through the sample; the temperature of the 
system increases destroying the interconnectivity. 

The observation that the more structured sample (and 
the more viscous) is characterized by a higher conduc- 
tivity confirms our working hypothesis of the existence of 
a structure built up through the formation of branch 
points. 



Concluding remarks 

In summary, the description of lecithin-based gels as a 
percolated network of interconnected micelles seems to 
be more realistic than that of entangled wormlike 
micelles, in the light of our results. In particular, we 
have shown how the differences in the properties of dense 
systems of spherical and cylindrical micelles come from 
the different interaction between the water molecules and 
the hydrophilic part of the surfactant molecule. The idea 
that the formation of branch points could be responsible 
for the high viscosity, observed in lecithin reverse micelles 
at high values of the volume fraction, is reported in the 
literature as common behavior for this kind of system. As 
an example, we report that besides the results reported 
for lecithin/isooctane/water systems [4], recent rheologic 
measurements on «-decane/lecithin/water micelles have 
pointed out the absence of any correlation between the 
observed increase in the shear viscosity and the growth 
process of micellar aggregates [6]. Also in that case the 
authors assumed that, at high enough R values, the 
formation of branch points between micelles becomes 
probable. 

At the moment, this remains the only picture able to 
describe the role played by the water molecules in the 
establishment of the gel structure. 

Acknowledgements We gratefully aknowledge the EC support 
through the TMR program, for the QENS experiment performed 
at BENSC. 
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Abstract A study of fast aggregat- 
ing surface modified colloidal parti- 
cles is presented. The surface 
characteristics of the particles were 
modified by adsorbing different 
amounts of bovine serum albumin. 
Since the protein charge depends on 
the electrochemical properties of the 
suspension medium, the influence of 
the protein net charge on both the 
cluster structure and the aggregation 
mechanisms could be studied by 
changing the pH of the aqueous 
phase. Physical parameters, such as 
the fractal dimension, the scaling 
exponent and the aggregation rate, 
were determined by laser light scat- 
tering. The experimental results 
show that the adsorbed protein 



molecules modify the aggregation 
mechanism and allow structural re- 
arrangement within the clusters. 
These effects are more pronounced 
when the protein molecules bear net 
charge. Weak flocculation could not 
be detected, which means that steric 
stabilization is totally effective. Near 
the isoelectric point, coagulation and 
bridging flocculation are the pre- 
dominant aggregation mechanisms 
and are diffusion-controlled. Bridg- 
ing flocculation, however, becomes 
less effective at pH 9. 

Key words Colloidal aggregation 
mechanisms • Protein adsorption • 
Fractal structure • Static and 
dynamic light scattering 



Introduction 

Macromolecules, irreversibly absorbed on the particle 
surface, may enhance colloidal stability or induce particle 
flocculation through a variety of mechanisms [1, 2]. 
When the particles are fully coated, steric effects impede 
flocculation and give rise to increased colloidal stability 
[3,4]. Bridging flocculation is expected for not complete- 
ly covered particles since this aggregation mechanism 
takes place only when a covered part of the surface of one 
particle collides with the uncovered part of another 
particle [1, 5, 6]. For totally uncovered particles, the 
aggregation mechanism is usually referred to as coagu- 
lation. In this case, the aggregation mechanism depends 
on the strength of the particle interactions. For freely 
diffusing particles, diffusion-limited cluster aggregation 
(DLCA) is observed, while strongly interacting parti- 
cles aggregate by reaction-limited cluster aggregation 



(RLCA) [7, 8]. For flocculation processes of macromol- 
ecule-coated polymer colloids, it is still not completely 
clear how the experimental parameters affect the different 
aggregation mechanisms and the structure of the result- 
ing aggregates. Furthermore, the particles may aggregate 
by more than one aggregation mechanism and so it might 
become quite difficult to quantify the role of each of 
them. 

In this work, we focus on the influence of the 
macromolecule net charge on the different aggregation 
mechanisms present in a given flocculation process. 
Different quantities of macromolecules were adsorbed 
onto the surface of colloidal particles. Flocculation was 
induced at high electrolyte concentration and monitored 
by two independent light scattering techniques. Static 
light scattering (SLS) allows the cluster fractal dimension 
to be obtained, while dynamic light scattering (DLS) 
assesses the time evolution of the mean hydrodynamic 
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radius of the clusters. The experimental aggregation rates 
were calculated considering the constant kernel solution 
of Smoluchowski’s equation. Finally, the model pro- 
posed by Schmitt et al. [9] was used to quantify the 
contribution of the dilferent aggregation mechanisms to 
the whole flocculation process. 



Materials and methods 

The flocculation experiments were carried out using aqueous 
suspensions of polystyrene microspheres. The particle diameter was 
99 ± 1 nm and the polydispersity index was 0.09 ± 0.02 as 
determined by photocorrelation spectroscopy. A particle surface 
charge density of -2.7 ±0.1 iiCcmT^ was measured by conducto- 
metric titration. The negative particle charge arises from dissoci- 
ated sulphate groups on the surface. The colloidal stability was 
estimated by determining the critical coagulation concentration 
(ccc) from the time evolution of the scattered intensity. The value of 
the ccc obtained was 0.495 ± 0.007 M KCl. 

Commercially available bovine serum albumin (BSA, Pentex) 
was chosen as the adsorbing macromolecule. Its state of aggrega- 
tion was checked by native polyacrylamide gel electrophoresis. 
BSA dimers were found as the main component of the sample 
although a small fraction of high-molecular-weight aggregates 
could also be detected. The only treatment prior to adsorption was 
a cleaning step by dialysis. The protein was then used without 
further purification. For the protein adsorption experiment, 
different amounts of BSA were added to a fixed quantity of 
buffered colloidal suspension. The pH of the suspension was fixed 
close to the isoelectric point of the BSA molecules, i.e. pH 4.8, in 
order to facilitate adsorption. At this pH, the BSA molecules 
possess a compact structure. This structural organization is 
partially lost when the protein spreads on the sorbent surface, 
leading to a net increase in the system entropy [10]. This is why 
maximum adsorption is usually achieved near the isoelectric point 
of BSA [11, 12]. Furthermore, far from the isoelectric point, lateral 
intermolecular interactions become important and tend to impair 
adsorption. The corresponding adsorption isotherm showed the 
high affinity of BSA. At high BSA concentration, a final plateau 
was reached, which indicated the adsorption of a complete 
monolayer. This gave us the possibility to obtain particles with a 
well-known degree of surface coverage by simply controlling the 
amount of added protein. Samples with 0, 25, 50, 75 and 100% of 
its surface covered by BSA molecules were selected. In order to 
study the reversibility of adsorption, the BSA-latex complexes were 
centrifuged. The supernatants were filtered, using a filter of 
extremely low protein affinity, and measured spectrophotometri- 
cally. No protein was detected in the supernatants and, therefore, 
the initially adsorbed amount of BSA remains invariant. 

Flocculation was induced by mixing equal amounts of buffered 
electrolyte solution and sample by means of a Y-shaped mixing 
device. The final electrolyte concentration was 0.700 M KCl. The 
initial particle concentration in the reaction vessel was 
1.6 X 10 cm“^ and the temperature was stabilized at 25 ± 1 °C. 
The pH was set to 4.8 and 9 by low-ionic-strength acetate and 
borate buffers, respectively. 

The flocculation processes were monitored by performing 
simultaneous SLS and DLS measurements [13]. The mean scattered 
light intensity, I, was assessed as a function of the scattering vector, 
(jr = (47i/;.)sin(0/2), within an angular range from 10° to 150°. Here, 
). is the medium wavelength and 8 is the scattering angle. The 
scattered intensity function contains information about the aggre- 
gate structure in the q region corresponding to the characteristic 
structure length. For fully developed fractal clusters, a power law in 
q is predicted, I{q) ~ q^‘^' , which is valid for (i?h) *< <1 < (^o) ' 



[14]. Using this relationship, the fractal dimension may be 
determined from the slope of the double-logarithmic I{q) plot. 

DLS was employed for measuring the scattered intensity 
autocorrelation function at a scattering angle of 60°. The Siegert 
relationship was employed to convert it into the scattered field 
autocorrelation function [15]. The latter was evaluated by the 
cumulant method according to Koppel [16]: 

Ingfieid(r) = -MU + 82 + 83 + • • • (1) 

For polydisperse systems, the first cumulant, mi, is related to the 
mean particle diffusion coefficient by Mi = {D)q^. From this, the 
mean hydrodynamic radius, (i?h), was calculated using the 
Einstein-Stokes equation [15]. 



Theoretical background 

The kinetics of aggregation processes in colloidal sus- 
pensions may be described by the time evolution of the 
aggregate size distribution, N^it). For dilute colloidal 
systems, where only binary collisions have to be taken 
into account, Smoluchowski proposed the following 
system of rate equations [17]; 

dA^ 1 °° 

^ = 2 ^ knkNk • ( 2 ) 

i+j=n k=\ 

The kernel, ky, represents the rate at which /-mers bind 
to y-mers. It contains all the physical information about 
the aggregating system and may be interpreted in terms 
of a sticking probability for two clusters diffusing 
towards one another. Most coagulation kernels used in 
the literature are homogeneous functions of i and j, at 
least for large i and j. Van Dongen and Ernst [18] 
introduced a classification scheme for these types of 
kernels, based on the relative probabilities of large 
clusters sticking to large clusters. Different growth 
kinetics and size distributions are obtained depending 
on which of these unions dominate. They defined the 
homogeneity parameter. A, that describes the tendency of 
a large cluster to bind to another large cluster and 
governs the overall rate of aggregation. It should take the 
value 0 for DLCA and 1 for RLCA. In this work, A is 
used to characterize the aggregation mechanism. 

For long times and large clusters, the cluster size 
distribution exhibits dynamic scaling and approaches the 
limiting form [14]: 

Nn{t) (X. , (3) 

where s = s{t) is related to the number-average mean 
cluster size. 0(x) is a universal time-independent cluster 
size distribution which characterizes the aggregation 
mechanism. This relationship indicates that the relative 
shape of the cluster size distribution remains constant 
during the whole aggregation process. Considering the 
dynamic scaling solution (Eq. 3) and the fractal cluster 
morphology, (7?h) of the aggregates is given by [19] 
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(7?h(0) = , (4) 

where {Rq) is the monomer radius and d{ is the fractal 
dimension. This relationship will be used to determine 2 
from the experimental time evolution of the mean 
hydrodynamic radius of the aggregates. 

Using the dynamic scaling solution (Eq. 3) and 
considering the ath moment of the cluster size distribu- 
tion, Olivier and Sorensen [20] obtained the following 
relation for the first cumulant of the intensity autocor- 
relation function: 

/ A 3^(1^ 

=Mi(0) , (5) 

where tc=2jcQk^ is the characteristic aggregation time, 
is expressed as a function of the initial particle concen- 
tration, Co, and the Smoluchowski rate constant, k^. 
Equation (5) allows to be obtained once and a are 

known. After that, k^, is determined from using the 

known initial particle concentration [21]. As we will see 
later, k^ helps to characterize the different aggregation 
mechanisms present in a sample. 



Results and discussion 

Cluster structure and dynamic scaling 

A series of aggregation experiments was carried out for a 
system of particles with different degrees of surface 
coverage. As described earlier, all the samples were 
aggregated at high electrolyte concentration, df is shown 
in Fig. la as a function of the surface coverage, 9, for the 
aggregation measurements carried out at pH 4.8 and 9. 




Fig. 1 a Fractaf dimension and b homogeneity parameter as a 
function of the degree of surface coverage. The continuous lines are 
drawn as a guide for the eye 



For uncovered particles, the experimental fractal dimen- 
sion falls well within the range 1.7- 1.8 expected for 
structures growing by pure cluster diffusion (DLCA) 
[22]. For the completely covered particles, the aggrega- 
tion processes were so slow that the asymptotic beha- 
viour for the mean scattered intensity was not reached; 
hence, the experimental fractal dimension could not be 
determined. This indicates that the colloidal particles are 
almost completely stabilized by steric effects. The 
experimental behaviour for intermediate degrees of 
surface coverage will be discussed later. 

DLS was employed for monitoring the time evolution 
of the mean hydrodynamic radius of the clusters, 
for each aggregation process. According to Eq. (4), the 
scaling exponent, 1, was calculated from the slope using 
the fractal dimension obtained by the independent SES 
technique. In Fig. lb, the homogeneity parameter is 
plotted versus the degree of surface coverage. For 
0 = 0%, 2 is close to 0 and thus the clusters form bonds 
in a pure diffusion process (DLCA). At high BSA 
coverage, however, no power-law dependence was found 
and so the measurement of 2 was not possible. 

As stated previously, steric stabilization predominates 
for particles with a high degree of surface coverage, while 
uncovered particles aggregate in the diffusion-limited 
regime. So, the question of what happens at intermedi- 
ated surface coverage arises. As can be observed in 
Fig. la, the cluster fractal dimensions increase with the 
degree of coverage in all cases. This means that the 
adsorbed protein molecules affect the spatial mass 
distribution within the aggregates. The fractal dimen- 
sions even reach values higher than 2. 1 which is normally 
reported in the literature for pure RLCA. In order to 
study this anomalous behaviour in more detail, the 
corresponding homogeneity parameter was also ana- 
lysed. As can be seen in Fig. lb, the behaviour of 2 
depends strongly on the pH of the aqueous phase. Near 
the isoelectric point of the BSA molecules, i.e. at pH 4.8, 
2 is always very close to 0 and hence the aggregation 
processes are almost completely diffusion controlled. The 
high fractal dimensions measured at pH 4.8 may be 
understood in terms of internal rearrangement of the 
clusters. In fact, a short-range steric barrier appears 
between the adsorbed macromolecules and prevents the 
particles from coming into direct contact [23]. This steric 
barrier allows internal rearrangement within the clusters 
but does not affect the aggregation mechanism because 
the latter is only controlled by long-range electrostatic 
forces. So, very compact clusters may grow even from 
freely diffusing particles. This structural aspect of cluster 
formation is discussed extensively in Ref. [24]. At pH 9, 
however, the homogeneity exponent grows monotoni- 
cally for increasing degrees of surface coverage and 
reaches values up to 0.3. This implies that the aggrega- 
tion processes drift away from the diffusion-limited 
regime and so additional repulsive interactions should 
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be present. The origin of these may be found in the fact 
that at pH 9 the BSA molecules are negatively charged. 
Hence, additional electrostatic repulsion effects appear 
and the clusters formed tend to be more compact. This 
fact may also explain why the fractal dimensions are 
always higher than those observed at pH 4.8 for 
diffusion-controlled aggregation processes. 



Aggregation mechanisms 

In order to understand the results in more detail, one 
should take into account that the aggregation probability 
for a colliding pair of colloidal particles depends not only 
on the forces acting between them but also on whether 
the colliding part of the surface is covered by macro- 
molecules or not. The probability of finding a covered 
surface patch is given by the fractional surface coverage, 
6, and the probability of finding a bare parf by (f - 6). 
So, fhree possible aggregation mechanisms can be 
distinguished; 

1. Coagulation, i.e. collision of two uncovered patches 
of the surface. This process corresponds to the case of 
aggregation of bare particles. The aggregation rate for 
this configuration is denoted k^. 

2. Weak flocculation, i.e. two covered patches of the 
surface collide. For this aggregation mechanism, the 
aggregation rate is k„f. 

3. Bridging flocculation. Here the collision of an uncov- 
ered part of one particle with the covered part of 
another particle occurs. In this configuration, a 
“macromolecule bridge” is formed between the 
particles. This mechanism is characterized by kbf. 

Several theoretical models have been development in 
order to explain the relation between the aggregation rate 
and the degree of surface coverage. The La Mer model 
[25] assumes that all particle collisions are completely 
diffusion controlled and stable bonds may be formed 
only in a bridging configuration. So, should be 
proportional to the number of free sites on one particle 
and also to the number of occupied sites on the other. 
Consequently, should be proportional to 0(1 - 0). 
This relationship implies that maximum flocculation 
occurs at half surface coverage and that there is no 
flocculation at all for uncovered and totally covered 
particles since La Mer’s model does not consider 
aggregation mechanisms other than bridging. 

More detailed models were proposed by Hogg [26], 
Ash and Clayfleld [27], Moudgil et al. [28] and Molski 
[29]. All of them account for additional aggregation 
mechanisms and, therefore, may be considered as an 
extension of the La Mer model. Nevertheless, all of them 
show the common feature that bridging flocculation is 
the most efficient aggregation mechanism, independently 
of the experimental conditions. So, an extended model 



which considers an independent collision probability for 
each aggregation mechanism was proposed by Schmitt 
et al. [9]. The total aggregation rate may be written as the 
sum of all contributions: 

ks = kc(l-0)^+-fcwf02 + 2kbf0(l-0) , (6) 

where the factor 2 considers the collision of an uncovered 
part of one particle with the covered part of another 
particle and the reverse case. This relationship allows the 
contribution of the different aggregation mechanisms to 
be quantified if k^ is measured as a function of 0. 

The experimental values for k^ were obtained from the 
DLS data using Eq. (5). As can be seen in Fig. 2, the 
experimental aggregation rates decrease for increasing 
degrees of surface coverage and no maximum at 
intermediate surface coverage is observed; therefore, 
one intuitively suspects that no bridging flocculation 
takes place. For uncovered particles, k^ is very close to 
the value of (6 ± 3) x 10~'^ cm^s”' commonly accepted 
for diffusion-limited aggregation [30]. This indicates that 
all collisions between bare patches of the particle surface 
lead to aggregation and that the sticking probability in 
the coagulation configuration is unity. 

In order to separate and quantify the contribution of 
the different aggregation mechanisms, Eq. (6) was used 
to fit the experimental data. As a boundary condition, k^ 
was identified with the experimental aggregation rate for 
0 = 0%. The best fits are included in Fig. 2 as continuous 
lines. The corresponding fitting parameters are given in 
Table 1. At pH 9, the BSA molecules are negatively 
charged and, hence, increase the surface charge of the 
colloidal particles. Under these conditions, the mecha- 
nism of coagulation is almost three times as effective as 
bridging flocculation. Weak flocculation is, however, not 
detected. So, steric stabilization should be totally eflfec- 




Fig. 2 Aggregation rate versus degree of surface coverage. The lines 
show the best fits according to Eq. (6) 
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Table 1 Aggregation rates for the different aggregation mechan- 
isms 



pH 


fcc (10 cm^s ') 


k„f(10 cm^s ') 


kbf 


(10“'^ cm^s^‘) 


4.8 


6.3 ± 0.5 


0.5 ± 0.4 


7.9 


± 0.8 


9 


6.2 ± 0.3 


0.0 ± 0.4 


2.2 


± 0.8 



five. At pH 4.8, the BSA molecules do not alter the net 
charge of the colloidal particles. Here, bridging floccu- 
lation is as effective as coagulation and even a small 
fraction of collisions in weak flocculation configuration 
leads to aggregation. 



Conclusions 

In this work, the effect of the net charge of the adsorbed 
protein molecules on the structure and the aggregation 
mechanism of clusters was studied. d{, k and were 
determined as a function of the degree of coverage at 
high electrolyte concentrations and different pH. The 
fractal dimensions always grow with the degree of BSA 
coverage. This means that the spatial mass distribution 



within the aggregates depends on the surface character- 
istics of the particles. The values obtained indicate a 
rearrangement within the clusters owing a short-range 
steric barrier. The rearrangement processes are more 
significant when the protein molecules bear net charges. 
The experimental / values show that both the amount of 
adsorbed protein molecules and the net charge thereof 
affect the aggregation regime. For uncovered particles 
and particles covered with uncharged protein molecules, 
the sticking probability is almost independent of the 
cluster size. Finally, k^ was determined as a function of 
the surface coverage and the contributions of the 
different aggregation mechanisms (coagulation, weak 
flocculation and bridging flocculation) were separated 
and quantified. Under the experimental conditions of 
this study, aggregation in the coagulation configuration 
is always diffusion-controlled. The bridging flocculation 
rate is similar to coagulation at pH 4.8 but is three times 
smaller at pH 9. Weak flocculation is almost completely 
absent. 
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Abstract Several suspensions of 
disklike colloids undergo puzzling 
liquid-solid transitions. The case 
of laponite, a synthetic clay, is a 
demonstrative example which has 
recently generated a good deal of 
experimental and theoretical study. 
At relatively high ionic strength, 
above lO”"* M, a transition from a 
liquid to a soft solid appears. 
Typical nematic defects are then 
observed. The mechanism and the 
status of this transition is currently 
actively debated. In this regime, the 
Debye screening length, defining the 
range of electrostatic repulsion, is 
always smaller than the particle size, 
which controls short-range aniso- 
tropic interactions. These two con- 
tributions are then mixed in a 
nontrivial way. One possible way to 
uncouple these interactions is to 
lower the ionic strength. In the first 
part of this article, we show that a 
liquid-solid transition exhibiting a 
correlation peak is observed at very 



low ionic strength. Such a structural 
transition involves long-range elec- 
trostatic stabilization and/or jam- 
ming which is compatible with a 
Wigner glass transition. However, 
3D off-lattice reconstructions of 
these soft solids from small-angle 
scattering spectra suggest that the 
particle distribution is not homoge- 
neous in space. In the second part of 
this work, the interaction potential 
of different pair configurations is 
computed using a basic charge dis- 
tribution model. Such a stability 
analysis raises interesting questions 
about long-term stabilization and/or 
coagulation, (very) slow structural 
relaxation and nematic defects gen- 
erally observed for these colloidal 
suspensions at relatively high ionic 
strengths. 

Key words Complex fluids 
Colloid glass • Simulated 
annealing Laponite • Clay 
suspensions 



Introduction 

Structural transitions of colloidal suspensions of spher- 
ical or cylindrical particles are now well documented [1, 
2]. Much less work has focused on suspensions of 
platelike colloids [3, 4]. Our aim is to discuss liquid- 
solid transitions of charged disklike particles in relation 
to particle jamming and colloidal stability. The system 
under investigation is made of synthetic smectite clay 
particles named laponite. Individual particles can be 
considered, on average, as a negatively charged disk 
1-nm thick and having an average diameter ranging from 



25 to 30 nm. This material has recently generated many 
experimental and theoretical studies [5-15]. The status 
and the origin of a so-called phase or state diagram of 
laponite in water is still under debate. Interesting enough, 
above an ionic strength of 10”“* M, the Debye screening 
length, controlling the range of electrostatic repulsion, is 
always smaller than the particle diameter, which con- 
trols, in part, anisotropic excluded-volume effects [7, 12]. 
In the upper part of the phase diagram (Fig. 1), long- 
range and anisotropic short-range interactions are then 
mixed in a nontrivial way. One possible way to uncouple 
these interactions is to lower the ionic strength. In such a 
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Fig. 1 Phase behaviour of laponite suspensions. As formerly pub- 
lished [7], region 4 is related to a macroscopic flocculation regime. The 
tine separating region 1 and 3 is related to the liquid-solidlike 
transition observed at high ionic strength [7, 8]. The present study 
concerns effective ionic strengths (7) lower than 10^“* M. Circles: liquid 
suspensions; squares: solidlike suspensions. The full line is the 
prediction of the liquid-solid transition using a dressed particles 
model (see text) 



case, long-range electrostatic repulsion should dominate 
and the suspension of dressed disklike particles should 
behave as a collection of soft repulsive spheres. The main 
consequence should be the appearance of a transition line 
at low ionic strength (below 10~"^ M) where movements 
of each particle start to be strongly hindered (jamming) 
by mutual electrostatic repulsions. In the first part of this 
work, we demonstrate experimentally the existence of 
such a liquid-soft solid transition at very low ionic 
strength. In the second part, we provide a basic analysis 
of the colloidal stability of laponite suspensions, which 
raises interesting questions about long-term stabilization 
and/or coagulation, (very) slow structural relaxation and 
nematic defects generally observed for these colloidal 
systems at relatively high ionic strengths (above 10~^ M). 



Experimental 

Materials 

We used Laponite RD, a synthetic hectorite manufactured by 
Laporte. The chemical analysis of the laponite was performed by 
the Service Central d’ Analyse (Vernaison) of the CNRS by using 
inductively coupled plasma spectrometry. The mean chemical 
composition of this clay is Si02, 65.82%; MgO, 30.15%; Nu20, 
3.20%; Li02, 0.83%, corresponding to the general formula 
Sig.oo(Mg5.45Lio.4o)H4024Nao.75. The particles of laponite bear a 
negative structural charge. The measured cationic exchange 
capacity (CEC) was measured around 750 mM/kg [6, 7], in good 
agreement with the chemical analysis. Individual particles can be 
considered as flat disk having a thickness of 1 nm and a diameter 
from 25 to 30 nm. Such an effective shape permits the correct fitting 
of the scattering spectra of very dilute suspensions of laponite [5-7]. 



Sample preparation 

The samples were prepared, under nitrogen, by adding the laponite 
powder to an aqueous solution at pH 10. To decrease the ionic 
strength, ion-exchange resins (Amberlyst All and 15, OH“ and 
forms, respectively) were added directly to a dilute liquid suspen- 
sion of laponite. This procedure of purification is the easiest to 
perform and one of fastest. The possibility of dissolution of the 
laponite particles and/or of sample contamination is thereby 
markedly reduced. Once the resins had mixed with the suspension, 
the sample tube was agitated until the resin particles did not 
sediment any more. Then, the resins were separated from the 
colloidal suspension. At this stage, the addition of ion-exchange 
resins to a liquid suspension of laponite (1= 10^“* M, pH 10) leads 
to a decrease in the ionic strength and promotes the appearance of 
a soft solid, as expected. To fix the ionic strength of our 
suspensions, the laponite dispersions were put in a dialysis 
membrane (Visking) having a molecular-weight cutoff of 12,000- 
14,000. The membrane was previously rinsed with deionized water. 
The bag containing the deionized laponite suspension was im- 
mersed in a large volume of aqueous solution at the required ionic 
strength (NaOH) ranging between 10^^ and 10^“* M. The approach 
to equilibrium of the salt chemical potential was followed through 
measurements of the electrical conductivity of the reservoir. The 
sodium hydroxide solution of the reservoir was renewed until the 
conductivity remained constant. Then, the dialysis was stopped. 
Visual inspection showed that the dialysis bags were never strongly 
inflated. The suspension contained in the dialysis bag was divided 
into two parts: the first one was used to determine, by weight loss, 
the final solid concentration, c(w/w), and the second part was 
diluted with the water of the reservoir to obtain samples with 
different laponite concentrations. The value of / was used as an 
effective ionic strength to draw the lower part of the phase diagram. 
Looking at the sample preparation, this value of /does not provide 
the salt chemical potential directly [16]. Each horizontal line in 
Fig. 1 represents a set of dilute suspensions from the same initial 
sample. In relation to the chemical dissolution problem encoun- 
tered with laponite [6-14], we analysed the chemical composition of 
laponite particles inside a deionized suspension. These extensive 
analyses show that the deionization process does not alter laponite 
particles (same chemical composition). Dissolution of Mg^*^ is not 
observed and the CEC is similar to the original one. 

Rheology 

Rheological measurements were performed with an imposed-stress 
rheometer (Cari-Med) in order to follow the liquid-soft solid 
transition. 

Ultra-small-angle X-ray scattering 

Ultra-small-angle X-ray scattering (USAXS) experiments were 
performed with a two-crystal multiple-reflection camera using a 
quasilinear collimation [17] (SCM-CEA Saclay). A modified 
iterative method of Lake [18] was used to desmear the experimental 
data. In order to minimize noise propagation, the best Fade 
approximant of the test function was computed at each iteration. 
Angular integration (Eq. 15 of Ref. [17] ) of the analytical 
integrand is thus performed using a Gaussian quadrature. 



Jamming transition at very low ionic strength 

Lowering the effective ionic strength (e.g. from 6.3 • 10~^ 
to 3.0 • 10”^ M at constant solid concentration, 
c — 0.4%) induces a transition from a viscous fluid to 
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a soft solid having a small yield stress [15]. We checked 
the reversibility of this transition by dialysing the 
deionized dispersion against aqueous sodium hydroxide 
solution at pH 10. As shown in Fig. 1, a transition line 
from a liquid to a soft solid is observed for /< 10“"* M; it 
has a positive slope. Around /= 10”"^ M, the average line 
separating the liquid from the soft solid nicely converges 
to the transition line already observed at higher ionic 
strengths [7]. It is possible to rationalize these results 
using very basic arguments. The soft repulsion owing to 
the overlap of the counterion diffuse layers is replaced by 
a renormalized hard-core repulsion with an effective 
radius equal to aK~' • is the Debye screening length 
approximated by = (6A:7’/2e^/)''^ . (x is a positive 
parameter taking into account the softness of the 
repulsion potential. The liquid-solid transition occurs 
when effective spherical particles start to strongly 
overlap. This jamming appears for a volume fraction 
close to 0.5. As shown in Fig. 1, it is possible, for 
a =0.74, to draw a line which correctly predicts the 
liquid-solid transition. The exact status of this transition 
is still unclear; however, recent work of Bonn et al. [12] 
on the particle dynamics of laponite suspensions pre- 
pared at 7=10”'’ M (just located at the “nose” of the 
transition line) gives several convincing arguments in 
favour of a colloidal “Wigner” glass transition. 

The structure of these soft solids (degree of ordering, 
correlation, microsegregation) was investigated using 
absolute-scale USAXS. Experiments were performed for 
different solid suspensions at the same effective ionic 
strength (7= 3 x 10”^ M). In Fig. 2a, we have plotted the 
evolution of the effective structure factor, mainly the 
ratio = Ie(q)IIp(q), where If.(q) is the experimental 

spectrum on an absolute scale and Ip(q), related to the 
individual particle form factor, is given by Eqs.(2), (3) 
and (4) of Ref. [7]. Above ^=3xl0”^A“\ o (?) 
converge nicely to unity. This result means that abso- 
lute-scale measurements are in good agreement with the 
chemical analysis. From 10~^ to 10”^ A“', we observe 
that the scattering intensity of the soft solid is above 
Ip(q). A correlation peak can even be observed, compat- 




q (A ■' ) 



ible with long-range electrostatic stabilization. Such a 
result is new and strongly contrasts with the evolution of 
the scattering spectra of laponite solids at higher ionic 
strength (above 10“'* M). In the upper part of the phase 
diagram, strong negative deviations from Ip(q) were 
observed in the same q range by several authors [7, 11]. 
As shown elsewhere, these correlations are directly 
related to excluded-volume interactions between disklike 
particles [7]. Depending on the particle concentration, 
the amplitude of these correlations can certainly be 
associated with a more-or-less extended microsegre- 
gation. 



Structure of the Wigner glass 

At low ionic strength, the position of the correlation 
peak, shifts to high q values as the particle concen- 
tration increases. The correlation length associated with 
the peak, dc=2nlqc, is higher than the estimated average 
distance, between particles when a homogeneous 
distribution in space is assumed. For c= 0.82%, we find 
4:= 140 nm and Jh = 63nm, and for c=1.85%, 
4:=80nm and Jh = 47 nm. For soft solids relatively 
far from the transition line, these preliminary results 
suggest a nonhomogeneous particle distribution and a 



Fig. 2 Evolution of the effective structure factor, = Ic{q)/Ip(q), 
for different solidlike suspensions at 7= 3 • 10^^ M. The particle 
diameter is set at 30 nm. Squares: c = 0.82%; circles: c= 1.02%; 
triangles: c= 1.85%. The continuous line shows a formerly published 
result [7] of a solidlike suspension of laponite at higher concentration 
(c=3.85%) and higher ionic strength (7= 10“^ M). B Ultra-small- 
angle X-ray scattering (USAXS) experimental data collected on a 
solidlike suspension of laponite (c = 0.82%, 7=3 • 10^^ M). Squares: 
desmeared curve IJ,q)/K^, where is the contrast factor given by 
Eq. (3) of Ref. [7]. The particle diameter is set at 28 nm. The dashed 
line shows the normalized scattering intensity of a collection of 
independent disklike particles at the same concentration c, defined as 
7p(‘7)/71c- The continuous line shows the normalized scattering intensity 
of a 3D reconstruction of a laponite suspension using simulated 
annealing in the q space 
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possible microsegregation. In the same line, excluded- 
volume interactions between disklike particles are more 
pronounced as the particle concentration increases. This 
second point can be related to the progressive attenua- 
tion of the correlation peak. 

In order to assess these different (qualitative) conclu- 
sions, we generated 3D off-lattice configurations of 
laponite suspensions having similar USAXS spectra to 
the measured ones. For this purpose, a simulated 
annealing algorithm in the q space was successfully 
developed, extending recent work performed in the r 
space [19]. 

As shown in Fig. 2b, simulated annealing provides a 
good adjustment of the USAXS experiments. More 
interesting, the particle-particle pair correlation function 
(Fig. 3a) shows two interesting features. First of all, a 
first coordination shell is clearly visible at a distance 
ranging from 20 to 30 nm. Such a property is not 
observed for a random particle distribution and is 
directly related to a local particle microsegregation. This 
segregation is clearly observed in Fig. 3b. Secondly, an 
oscillation related to the correlation peak develops at 
large distances and is directly related to the correlation 
peak. This long-range oscillation slowly disappears as c 
increases. 



Remarks on colloidal stability 



interactions. However, close inspection of the USAXS 
spectra reveals a puzzling particle microsegregation. This 
result is consistent with some recent observations of 
anomalous phase transformations in bulk suspensions of 
charged colloids at low or very low ionic strength [20, 21]. 
However, possible existence of a long-ranged attraction 
for system made of like charge particles is still under 
debate [20, 21]. 

Above an ionic strength close to 10“"^ M, the Debye 
screening length is smaller than the particle size. As 
shown in Fig. 1, a liquid-solid transition is also observed 
at high ionic strength [7]; however, addition of salts 
promotes the appearance of the solid phase, in contrast 
to what is observed at very low ionic strength. The status 
of this transition is not clearly understood and several 
authors were recently concerned by the long-term 
colloidal stability and ageing of these “salted” systems 
[9-12]. In the following, we present a basic analysis of the 
colloidal stability. The interaction potential of different 
pair configurations is computed using a simple charge 
distribution model, already used for rodlike polyelectro- 
lytes [22, 23]. At relatively high ionic strength (above 
10”^ M), the electrostatic interaction (Fg) between two 
disklike particles is modelled by that between two 
equivalent surface charge distributions. 

^ J J Me(ri2)drfdr2 , 

1 2 



The transition observed at very low ionic strength 

appears to be mainly driven by electrostatic repulsive u,{rn)/kT = rn)/rn , 



Fig. 3 A Continuous line: pair correlation function of a 3D 
reconstruction of a laponite suspension using simulated annealing 
and having the USAXS spectrum shown in Fig. 2b (c = 0.82%). 
Dashed line, pair correlation function of a random distribution of 
hard-core platelets at the same particle concentration. B Random cut 
through a 3D reconstruction of a laponite suspension at c = 0.82% 
and 1=3 X 10^^ M. The image is 1 fim large 



where d is the minimal distance between particles 1 and 2. 
/b is the Bjerrum distance in water and /feg- is the effective 
charge density of the platelets due to counterion con- 
densation. Following recent work of de Carvalho et al. 
[24] j we take a reduction factor of the bare charge (e/ 
70 A^) of 0.3 at 1—5 • 10~^ M. van der Waals interac- 
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Fig. 4 Total interaction potential of two disklike particles, d is the 
minimal distance between the particles. The ionic strength is set^at 
5 X 10^^ M. The reduction factor of the bare particle charge (e/70 A^) 
is 0.3 [24]. From top to bottom’, parallel, T-shaped, in plane (zero- 
twist) and 7i/2-twist pair configurations 

tions are computed using the mica-water-mica Hamaker 
constant, around 5 kT. Four pair configurations are 
especially analysed; the parallel, the T-shaped, the in- 
plane (a zero twist) and the 7i/2-twist pair configurations. 
As shown in Fig. 4, the in-plane and the 7i/2-twist pair 
configurations are more stable than the parallel and the 
T-shapes ones for short minimal distances between 
particles. Secondly, at relatively high ionic strength and 
close to the particle contact, pseudo-Derjaguin-Landau- 
Verwey-Overbeek interactions can be of the order of a 



few tens of kT. It is then possible to consider the 
possibility to get a slow coagulation process for some 
specific pair configurations. Moreover the in-plane and 
the twist pair configurations can be considered as good 
candidates in order to generate and to propagate nematic 
defects effectively observed in the solid phase [8, 13]. 



Conclusion 

For charged disklike particles, we have shown the 
existence of a liquid-soft solid transition mainly driven 
by electrostatic repulsive interactions. The location of the 
transition line can be predicted using basic arguments. 
USAXS spectra do not show Bragg peaks, but a 
correlation peak as expected for a Wigner glass transition 
[12, 15]. Close inspection of these scattering experiments 
using simulated annealing in q space and 3D reconstruc- 
tions of laponite dispersions reveals that the particle 
distribution is not homogeneous in space. This transi- 
tion, mainly driven by long-range electrostatic repul- 
sions, ends at an ionic strength close to 10”"* M. Above 
this value, the Debye screening length is smaller than the 
particle size. On the length scale of about the particle size, 
electrostatic interactions and other short-range interac- 
tions (possibly attractive) can compete. As the ionic 
strength increases, several characteristics are expected, 
ranging from long-term stabilization in some specific 
pair configurations to slow coagulation or strong 
flocculation. 
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Poly(ethylene glycol) templates 96 
Poly(ethylene oxide) adsorption 141 
Poly(isobutenylsuccinimide) 110 
Poly(methyl methacrylate) 27 
Polyelectrolyte complexes 48 
Polymer-surfactant aggregates 57 
Polypyrrole 42 
Polysaccharide 127 
Porous Materials 63 
Protein adsorption 115. 153, 285 
Pure and modified zeolities 100 

Quasielastic neutron scattering 280 

Reaction-limited cluster aggregation 87 
Reverse emulsion 216 
Reverse micelles 280 
Rheological model 216 
Rheology 48. 196 

Self-assemblies 248 
Shear mechanism 202 



Shear modulus 82 
Shrinking 157 
Simple shear 208 
Simulated annealing Laponite 290 
Single-cluster light scattering 115 
Small-angle neutron scattering 238 
Small-angle X-ray scattering 53, 232 
Soft core-shell particles 180 
Sol-gel transition 136 
Solid-liquid dispersions 68 
Solid dispersion systems 149 
Solid-liquid interface 110 
Square-well potential Glass 
transition 221 
Stability 208 

Static anddynamic light scattering 285 
Statistical physics 87 
Surface pressure 5 
Surfactant mixtures 53 
Surfactants 30, 38 
Suspension microstructure 276 
Swelling 180 



Thermal analysis 100 
Thermoresponsive polymer 153 
Thermoresponsive 127 
Thickness instability 1 
Thin liquid films 1 
Thin liquid wetting films 1 1 
Thin-film rupture 1 1 
Titania 96 
Triazole 145 

Triton X-1 14-water system 256 
Tubules 248 
Two-dimensional 73 
Two-dimensional freezing 73, 77 
Two-dimensional melting 77 

Ultrasound 132 
Undulations 251 

Vesicle fusion 243 
Vesicles 251 

Water-soluble fullerene derivatives 232 
Yoghurt 196 




